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FOREWORD

Vibration testing is u rapidly evolving technology thut has gained widespread
recognition of its fimportunce mostly in the period since World War 11, As often
happens in a new and tapid technologicul development, vibration testing has
been beset by unclear, conilicting, atid sometimes controversial concepts of test
specifications, test conditions, test methods, and Interprotation of test results,

. In this monpgraph, the uuthors have done u great service by compiling the
stute-of-the-art knowledge of vibration testing and reluted technology In u very
clear, concise, and comprehensive manuer. The various test methods are de-
scribed and expluined In a factual way so that the reader can easily assimilate the
essentlal concepts and then use his own engineering judgment In applying them
to the problem at hand. Nevertheless, the suthors do not hesitate to express
thelr own opinions and judgments In u scientific mannet, und these provide
authorltative precepts which cen be very helpful in guiding the practitioner.

The deslgner and specification writer will find helpful explanations and back-
ground In Chapter 2, “Selection of Appropriate Test Method.” These people
oftet are not vibrution specialists, but this chapter will help them acquire an
understanding that will Increase their effcetiveness In Incorporating suitable
provisions for vibration in their designs und specifications.

Chapter 3, “Simulation Churacteristics of Test Methods,” will be especlally

useful to those who have had difficulty in understanding the busic feutures of

the various vibration test methods. This chapter clearly delincates each method

and with a minimal amount of mathematics summarizes the analytical busis of

euch.

The test conductor will be concerned primarily with Chapters 4 and 5, Much
of the practical information needed to conduct a vibration test is given in these
chapters, including many helpful hints which have been acquired through the
experience and mistukes of others.

The avthors conclude with a summary In Chapter 6 of how vibration duta are
acquired and handled. Al so this monograph glves the vibration testing tech-
nologist o reference that systematically reviews and vxplains how vibration data
are acquired, how the data are used in preparing specifications, how u test Is
conducted to sutisly speciflcations, and how test results are interpreted.

This monograph should help those working with vibration problems, and
particularly the novice, to come to a clearer understunding of' the basis, con-
cepts, und purposes of vibration testing, and it will be muzh appreciated by
thuse who desire to see how the technology fits together to make good sense.

D.C. KENNARD, JR.

Test and Evaluation Division
Goddard Space Flight Ceniter
Greenbelt, Marviand
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PREFACE

The continuing development of the feld of vibration testing ls evidenced by
the number of technical meetings and extensive literatuie devoted to the topic
Prepuration of a monograph which will adequately describe the selection and
performance of vibration tests and- which will not rapldly becume cbsolescent is
perhups impossible. Nevertheless, the authors believed that one of the series of
monographs sponsored by Shock and Vibration Information Center-should be
addressed to thls subject. It seemed that a wealth of analytical, empirical, und
practicul informution was scattered in various technicul journals, government und
contractor reports, and perhaps mainly in the subconsciousness of many workers
in the field, They also felt that a document that guthered, sifted, und colluted
this information would prove instructive to newcomers to the fiéld und useful us
a reference for the “old hands.” To avoid the problem of vhsolescence. insofur us
possible, the monograph should be restricted to fucts and principles which can
be used to muke sound engineering decisions, and thus should be relatively
independent of future developments of test techniques and vibrutjon test
cquipment.

The monograph which has resulted from these [deas wus made possible pri-
marily by the support of Dr. W, W, Mutch and his stuff at the Shock and
Vibration Information Center. The authors must also scknowledge the conirl:
bution of' those reviewers of an earlier draft whose generous und constructive
comments added much to the final version,

It would have been impossible to write this monvgraph without 4 rather
extended assoclation with a vibration test laboratory und some initial Inspiration
to pursue endeavours in the field. The opportunity to participate for u number
of yeurs in the development of new, and hopelully improved, simulation tech-
niques while assoclated with the environmental test laboratory at Hughes Alr
craft Company is gratetully acknowledged. Finully, the two more senjor authors
would like to thank Dr, C. T. Morrow whose initlal pioneering of random vibra-
tion testing at Hughes provided the spurk for their continuing interest and activ-
ity in the field of vibration testing.

ALLEN ], CURrTIS
NICHOLAS G. TINLING
Los Angeles, California HuNryY T, ABSTEIN, JR.
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CHAPTER |
INTRODUCTION

According to Webster, a monogriph s a written account of u single thing or
class, Alternatively, and perhups synonomously, it is a speclal treatise on u
purticulur subject, Again, from the same source, u treatise is & methodjeal dis-
cussion of the fuets and principles tnvolved und conclusions reached, In one
sense, then, the following chapiers nmy not constitute a monograph since, as the
title proclaims, both the selection and the performance of vibration tests are tu
be treuted. However, the sclection of a test without knowledge of how ot
whether it can be perfurmed, or cotversely, tue performance of a test without
knowing why it wus selected, Is sterlle indeed. Thus, In a lurger sense, the
selection und performance of vibration tests ure appropriate subjects for one
monogruph, [t Is intended to be u treutise, us defined above, within the limity.
tlons of the scope of the subject matter deserlbed below and with a further
reservation that the rouder will be expected to draw the tinal conclusions, or
make the final engineering decisions, based on the fucts and principles discussed.

1.1 Purpose

A flrst exposure to the performance of u vibrution test can be u bewlldering
experience, with the observer very unsure of what happened und even less sure
why. If this experience arouses snough tnterest to visit the library, that observer
is likely to find a number of textbooks which hardly mentlon vibration testing
and a lurger number of juurnal artleles which generully assume the reader already
knows all the principles of vibration testing from reading the tex.oooks. The
primary purpose of this monograph is to till that gap by presenting u methodical
discussion of the fucts and principles to be applied to the selection and per-
tormance of vibration tests which will be of alue as a reference document to
both the newly involved und the experienced worker in the fleld.

It is Intended that this discussion be presented at a technical Jevel which
strikes u middle ground between the elementary discussion of stimple dynimic
systems found in the first chapters of vibration textbooks (which should already
be fumiliar to the reader) and the more detalled discussions of complex dynamic
systems, noise theory, und electronic squipment, which are generally unneges-
sary to an understanding of the busic parameters. Thus a reader who has
mastered the equivalent of o tirst course in mechanicul vibrations, either for-
mully in the classroom or by experience, and who has u mininal familiurity with
the conduct of a vibration test should expect this monograph to be quite
readuble. Where appropriate, brief and simplified discussions of theory are in-
cluded along with citations of more complele and rigorous presentations.
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1.2 Scope

1t has been mdicated that the subject nutter will be limited to principles and
facts, supplemenied by eitations of significant contributions to the ficld. By
implicution, then, the scope of the monograph excludes detailed descriptions of
the operation and consteuction of purticular equipment and, instead. describes
the tunctions and purposes of required esquipment without reference to any
connnerclal models, ’

The expresston vibration tests may have a number of different connotations,
Within the scope of’ this monogruph, vibration tests are those tests where u
physicul objoct, from a fraction of an vunce to many tons in weight, is subjected
to a controlled external vibratory excitation, Thus a wide variety of vibration
tests in which internally penerated excltations cause vibratlon of a physicul
object are exeluded. For lustance, the tosting of an antennu under the vibration
loads due to its mechanical seanning und the testing of turbine bluding under the
vibratory loads due 1o gas flow during vperation ure excluded.

External vibratory exeltation is upplied to physical abjects fur a number of
reasons, not all of which would be clussitied as tests. For example, vibration
excitatlon ls used In the muterials hundling field for packing crates, unloading
hopperdype vehieles, ete. Thus vibration tests in this context ure lmited to
thuse situations where external excitation is applied to an object In order Lo
determine the nunner in which the objeet physically or functionully responds to
that excltation and to detenmine any elfeets [t nuy have on the object.

There are throe basic imcthods of applying external vibrutory excitation tou
physical objeet. Flrst, and most commonly, by application ol sufficient but
undefined force at one or more diserete points ol the object to ereate a destred
motion. Second, by application of" a desired force at one or more diserete points
of the object, Third, the objeet may be “tmmersed™ in a desired acoustie field,
the pressure Muctuations of which constitute a force excitation over the entire
surface o the vbject. Four generic types ol tests, which are identified by these
three methods are (a) motion testing: (b) foree-control testing: (¢) acoustie
testing: and (d) impedance testing, which is i combination of motion and foree-
control testing, However, for a number ol reasons, acoustic testing Is generally
considered distinet from vibratlon testing and will nol be Included.

Any discussion of problems and lHmitadons of vibration testing umong
workers In the field will almost certainly get around to ovne of two topies,
miechunleul impedance effects or vibration equivalence. Both topics will neces-
sarily enter into this monograph. However, only materizl on these topies which
Is incidental o the nuin discussion will be included, Deseriptions of inpedance
test methods and equipment will not be included,

Finally, it is not intended that this monogruph serve us 1 manual to be used in
either selecting or performing o particular test under o particular set of crcum-
stances, Rather, the Intention is to provide the reader with sufficient informu-
tion to permit him, for his particular ciraumstances, to make a loglcal selection
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of test methods and to ensure that, onge selected, the test Is conducted in a
proper nuinner.

To fulfill this fntention, the succeeding chapters are structured as follows.,
Chapter 2 containg a discussion ol the humerous {uctors which must be con-
sidercd in the selectlon of the appropriate test method. Flrst, & number of
general constderutions, such as deflning the purpose of the test, are deseribed,
followed by discussions of the selection of test condltions and procedures. The
next chapter includes a dotailod technical description of the various: test
methods, o.g., sinusoldal, random, ete., together with a discussion of whal cun be
achieved by their use, Le,, the simulation charucteristies of euch method. This
chupter s followed by chapters dovoted to vibrution equipment requlreiments,
performance and contral vl the various methods, und the acquisition ond anal-
ysis of vibration duta obtained during the tests,

1.3 Necessity of Vibration Tests

It would be interesting to arrange a poll of engineers nvolved in vibration
testing, in one capacily or another, which posed the guestion: *Why is this test
belng porformed?” The percentage of answers which would be variations of
elther, 1 don’t know” or “Thut’s what the spec says,” would probably be
distressingly large. A luter section will discuss the purpose of vibration tests in
detall, It Is appropriute to consider here the general purposes of vibratlon testing.

In one way or another, almost all vibration tests. as defined previously, are
cimployed to ensure the suitability of the test object for Its Intended use. The
rather wide varlety of tests which van be and are performed grew out of the wide
varlety of intended uses, l.e., environments, und the differing critetfa for estab-
lishing sultability. However, it Is believed thaut all tests are intended to establish
suitubility with respect to at least one of the following three eriterlu: (1) struc-
tural integeity, (b) adequate Tunctional performance; and (¢) quality assurunce
level; Lo, adequate workmanship. There ure probably those who would state
that a fourth criterfon of adequate squipment rellability should be added, How-
ever, it would seem that criterla o and « togsther encompass the purposes of
relinbility testing.

Given that vibration tests bave the above-mentioned purposes, the guestion
still remuins - why are vibration tests necessary? Is it as Tetyve exclaims in
Fiddier on the Roof, “Tradition!™? Certalnly this is a factor, though perhaps
more in the selection of tests than in the question of whether to test. A more
rational reason is thut they are performed 1o save money and, in a number of
cases, lives, by uncovering design or const uction weaknesses that would cuuse
[uilure due to the vibration encountered in usage. By simubuting either the usage
vibration lisell or its effects, these weaknesses can be uncovered in the labora-
tory quite econumically compured to the ¢ost of oceurrenee during use. Further-
more, the belavior of the test object cun be observed and carefully measured
with instrumentatlon In nweh greater detall than s generally possible in the
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usage environment, particularly with “one-shot™ devices such as missiles and
spave vehicles,

1.4 Historical Developmeni

The general subject of mechunfeul vibration is itself a ruther young specialty,
stnce the first college course devoted to the subject was Introduced as recently as
1928, The need for such u speclalized coutse in upplied mechunics arose because
of the development of higher speed and higher powered rotating machinery,
such as automobile englnes, steam turbines, und electric generators, Unbolunce in
the moving parts ol these muchines produced vibrations, mainly at the operating
speed {ur frequency ), ulthough harmonies of this fundamental frequency also
oceursed, Thus the motions were essentially periodie, and Fourier series could be
used both to analyze and to compute the response to these vibrations, With the
development ol propeller-driven sireraft, these same techniques could be ex-
tended to cope with the vibration environments for alreraft und alrborne equip-
ment. Concurrently with this development cycle, the development of vibration
testing equipment (or “shakers™) took the course of mechanically driven
machines using eccentrie drives, followed by the electrodynamic or “loud-
speaker”™ type of equipment driven hy varlable-speed motor-generator sets,

Witk the development, muinly since World War 11, of jet engines, rocket
motors, aircraft, and missiles whose performance is high enough to require anai-
yses of the effects of turbulent boundary layer, ete., the vibrations to be dealt
with were found to be no longer adequately deseribed by the sltiple perlodie
motion/Fourier series approach. Instead, it was found that the vibrations (or the
excitation forees which produced them) could, In many cases, only be described
in statistical terms since the amplitudes were found to fluctwate In a random
munner. Several developraents were required to make effective use of this new
approdch. First, the development of improved electronic instrumentation sys-
tems was required. Particularly significant was the development of magnetic tape
recording systems which permitted the repeated reproduction of an electrival
vallage proportional to the mouasured vibration (displacement, velocity, ete.).
Sceond, moie sophisticated equipment for data reduction, again electroniv in the
main, was developed to handle the more complex procedures required. The third
factor which made the use of the concept of random vibration possible was the
development of high-output power amplifiers to drive the clectrodynamic
shakers in accordance with almost any desired input signal, For example, actual
flight vibration measurement recordings have been played finto power-amplifier/
shaker systems.,

During these development cycles, it was fortunate that much of the mathe-
malical theory required had already deen developed. In the field of communica-
tions, the problem of electrical noise in circuitry had received a great deal of
attention, und it turned out thit the theory and analysis techiniques which
evolved were almost directly applicable to the analysis of random vibration.
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With the meuns of analyzing properly a vomplex vibration signal, of synthe-
sizing the desired excitation signal through spectrum shaping networks, and of
driving a shaker in accordance with this excitation, the one remaining develop-
ment which enubled the complexity and sophistication of present testing
methods was the application of servomechanism techniques, l.e., nutomatic gain
control, to the control of vibration test level, Two of the authors can remember,
all too cleurly, when two tesi items were needed for each random vibration test.
One wus used and virtually destroyed during the lengthy munual equalization of
the test spectrum, whereas the second, when available, was used to fulfill the
purposes of the test. This situation did not make the customers too happy or
create the inpression that the test englncers knew quite what they were about,
With servomechunisim control, now known us automatic equalization, random
vibration tests became economical, efficient, and generally acceptable.

Until the late 1960%, almost all activitivs leading to the establishment or
conduct of vibration tests were carrled out using analog information processing.
Now, however, digital processing, with the speed and accuracy which it can
provide, is replucing analog methods more and more, most recently with the
introduction in 1969 of digital synthesis und analysls of the vibrution test signal,

Thus the state of the art in vibration testing, and “urt” is used udvisediy, has
progressed very rupidly during the last two decades. Hawever, It Is expected that
the busic principles described In the following chapters will, as principles should,
renaln valld even when unknown future developments take their historical
place.




CHAPTER 2
SELECTION OF APPROPRIATE TEST METHOD

It is un infrequent oceasion when a reader, by himself, will have the oppor-
tunity to make an optimum selection ol u vibration test based on adequate
technical Information about the test object and the overall purpose of the test.
In the first pluce, later-discussions will iMusteate that technical information is
often insufficient ut the time of test solection. Second, few readers will be ina
position whete they alone can make the selection. Third, the influence of a
number of nontechnleal fuctors muy override much-of the technical considera-
tion, These are factors such us schedule, cost, tradition, hardware availubility,
ete. Thus the muterial to be discussed in this chapter must necessarlly be
presented somewhat ideallstically. However, this discusslon should also find
applicability on those occasions when modification of un existing test program i
required and when - assessment of results ut the conclusion of a test program is
undertuken,

The following sections diseuss the numerous interrelated fuctors which should

be considered in the test selection, Although interrelated, the discussion of each

fuctor is necessurlly independent with the interrelationships being cither indi-
cated or self-evident, The factors huve been grouped into general considerations,
test conditions, duta requirements, und necessary aceuraey,

2.1 General Cousiderations
Test Purpose

1t should be superfluous to sy that the first consideration in the selection of
a test should be definition of the purpose of the test, Unfortunately, it is the
authors' cxperience that such is not always the case and that, on occasion,
eventual consideration of the purpose has led to deletion of the test, either
because there was no real purpose or because the purpose could not be achieved
by conduct of a feasible vibration test, In many cases, the purpose of the test is
explicit in the lubel applied to the test program, e.g., qualification test or flight
dceeptunce test, In other cases, the purpose Is implicit in the type of hardware
under test, e.g., developimental or production equipment. Another implicit defi-
nition of test purpose is indicated by the assembly level of the test object, l.e.,a
single-piece part or a complete spacecraft. It was postulated in Sev..on 1.3 that
all tests either should or do have the basic purpose of establishing suitability for
the intended use with respect to elther structural integrity, functional perform-
ance, or workmanship. A morz detailed classification of basic purpose s
obtained by definition of the several classes of tests,

~3
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Design-Development Tests. Design-development tests, as the name inplies,
have the basic purpose of ulding in the development of the final design of the
cquipment. Since they are not usually specified in the contract or hardware
specification, the flexibility in the selection of a test Is quite wide compured to

other types:of tests, The test object may be a Very early brasshoard of the*

equipment or a dealed or full.size model of a proposed structural design, with
dummy_ mass louding, In this case, the purpose is to obtain an eurly gross indica-
tion of adequute design approuch together with engineering data which can be

~ used to refine the design. This can often be best setved by the selection of:

simple, economical test methods which may bear little resemblance to the design
and test requirements but which do provide the required engineering datu. For
exampie, tests to conflrm or refine the frequencies and mode shapes of the
structure obtained from structural analysis would be considered in this clussifica-
tion, Later design-development tests may be carrled out on equipment which is
ropresentative of the final design. The purpose here can very likely be described
s a dry run of the qualification tests in order to detect and torrect design
woaknessos prior to qualification, Agaln, selection of test methods is still quite
flexible, but, It the purpose is that of a dry run, the test conditions necessurlly
niust be closely related to the later qualification tests,

Evaluation Tests. The term evaluation tests per s may not be fumiliar to the.

reuder, As will e scen, there should be a distinction botween evaluation tests
and quulification tests, the term by which the furmer tests are often known. The
purpose of evaluation tests Is to evaluate formally the adequacy of davelop-
mental hardwure as soon as available, and to identify design weaknesses or
inadequacies, Usunlly, however, an evalustion test program does not include
those tests necessary to develop and verify corrective actlons taken to remove
the inadequacies. The test methods und conditions employed for evaluation tests
are more closely governed by contractual and specification requirements than
are design development tests, However, it Is usually posslble to modify the
methods for investigative purposes based on the results of Initial tests,

Qualification Tests. The term qualification test hus a number of synonyms,
depending on both personal choice and phase of the overall program. When
performed using developmental hardware, the alternative terms typeapproval
test and proof-of<lesign test are commonly used. When performed on pilot
production or eatly production hardware, the alternative torms preproduction
and verification lests may be employed. Regardless of the name, the purpose ot
quulification tests is to demonstrate formally the adequucy of the design for the
intended use. By Implication, any inadequacies revealed by testing must be
remedied and the adequacy of the corrective action demonstrated as part of the
qualification test program.

Those programs where significant production quantities are involved usuully
include perlodic or sampling qualification tests for which the term vaorification
tests is used. Verification tests huve the same basle purpose as qualification tests
and are conducted to demonstrate that neither design moditications nor changes
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In manufucturing methods tuve introduced equipment inadequacies. These tests
ure usually less comprehensive than the original qualification tests, concentrating
on the most severe tvpes ol test environments, Vibratlon tests usually are among
the first selected for verification tests. The selection of test methods and condi-
tions for qualification tests is clearly quite restricted by contractual and spectfl-
cation requirements, _ '

Quality Assurance Tests, As in the previous puragraph, there are numerous
synonymy for quality asswance tests, such us flight acceptance, proof-of-

* workhwanship, delivery tests, etc.. Aguin, regardless of tha labél, the common,

basic purpose s to conduct a vibrution test which will reveal weaknesses or
defects in the equipment due to errors or excessive varlability in the manuface
ture of the equipment. Such tests are not intended to detect design weaknesses
or to demonstrute deslgn adequucy. Unfortunately, experience indicates that
quality assurance tests are too often used for such inappropriate purposes. An
implicit purpose of these tests, which mukes the selection of the test method
quite difficult, is to accomplish the basic purpose without introducing failures
or weaknesses into the equlpment due to the test, In view of the Inlendeéd
purposes of the test (und those which ure not Intended), it I8 clear that the
selection of appropriate vibration test methods lor quelity ussurance tests is
quite wide, fur from unique, somewhat arbltrury, and must be based more oh
experlence than any other test type,

Betore we leuve this discussion of basic test purposes, it should be evident to
the reader that a normal progression of tests of the several types detalled sbove
is likely to be applied to the successive models or versions of a particular plece of
equipment, While the selection of un appropriate test method would ideally be
mude at each step In the progression, it is clear that precedents set during, say,
design development test selection will very likely unduly restrict the luter selec-
tion of qualification and even quality ussurance test parameters, even though the
purposes of the tests are quite distinct.

Test Object Characteristics

It is axiomatic that selection of an appropriute vibration test should take into
consideration some of the characteristics of the test object. Among those which
would most significantly influence the selection ure value (monetury or intrin-
sic), size, assembly level, complexity, typleality of conflguration, function, and
any potentially huzardous conditions. Quantitative consideration of these char-
acteristics is seldom possible, The judgment factors which enter into the selec-
tion are discussed generally bolow.

Value, The value of the test object, which may well be distinct from the
value of the test, should bo considered in a selection of the vibration test
method, particularly with regard to procedural aspects. The term value was
selected here, as opposed to cost, since a relatively inexpensive but unique test
object may have & value many times its cost when factors such as schedule,

o
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reputation, ete., are evaluated, The effori expended to select the tost should, in
some approxitate way, be proportional to the value of the tost object. First, the
effort expended to deflne an appropriate set of test conditions should reflect the
value of the test object in the sense that It is worth developing more precise and

‘probubly more complex test conditions which, in turn, will require mere com-

plex, time-consuming, and costly test procedures,

Second, the effort expended to dufihe the tost procedures should correlate to
the test object value since the umount of {nstrumentation, the test documonta-
tlon, and the mousures tuken to prevent test error should all reflect this chorac.
teristic of the test objeet,

Size. It is obvious that the size of tho test object should be an important
consideration in test selection. This is true from the polnt of view of physical
size alone, regardless of welght, and also size in the sense that, within some
limits, slze und weight are genorally proportional, In the first case, the physical

_slee must be considered in the selection of vibration control locations and

methods, the number of excitation points, e.g., 18 u multishaker test tequired,
and the precision with which test conditions are known. In the second cuse, the
additionul factor of the required force ruting of the vibration equipment must be
determined.

Although diffioult to substuntiate, o general rule seems to be that **the larger
the test object, the poorer the vibrution test,” This rule applies mainly in the
context of what might be considered stundard test methods applied over conven-
tlonal frequency runges and to the quulity of the vibration test itself without
considerution of severul other test objoct charactoristics discussed later. The rule
can be deteated or at loast mitigated by a selection of nonstandard test methods.
The busls of the rule is found in the following fuctors:

1, A ringle vibration spectrum specitied at a single point or at most a few
points must bocome less meaningful for larger test objects.

2. The larger the test object, the greater will be the effects of Impedance
charucteristics of the test object which are not accounted for by standard test
methods,

3, The larger the test object, the greater will be the unavoidable deviations
from desired test conditions due to the Impedance characteristics of both the
test object and the shaker/fixture combination,

4, The lurger the test object of a given weight, the larger will be the required
shuker force ruting, due to the dissipation of vibration within the fixture, partic-
ulurly in the higher frequency runges.

5. The larger the test object, the greater will be the dissipation of high-
frequency vibration with distance from the excitation points, thus increasing
the risk of an inadequate test.

In the fleld of environmental testing, test methods for aerospace equipment
were doveloped initially for single units, i.e., black boxes, purtly bocuuse equip-
ment was procured mainly one unit at a time and partly because available
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vibration equipment could handle no more. With the trend to procurement of
systems or subsystems and the availability of larger vibration equipment, a con-
tinuing trend toward the testing of larger and larger test objects hus been evi-

~dent, However, the original environmental standard test methods, the require-

ments of which ate couched In terms of “the equipment shall, , ™, have often -
-been applled, ot rather misapplied, to larger and lurger test items, such as
* complete spucecraft und complete external aircraf’t stores. References 1 through

16 describo studies und experimentul programs.directed toward the development
of lImprovements in test methods required to sulve problems engendered by the
size und, indirectly, the welght of test objects,

Assembly Level. At first glunce, the assembly level of the test object might

" appeur indistingulshable from test objoct stze. However, in additlon to size, the

agsembly lovel of the test ohject will be a significant consideration in test
solection since such factors us the functionul churactetistics of the equipment
und the pussible variety of intended usages must be welghed. Generally speaking,
the higher ussembly levels will have more complex functional performance
tequirements. Confirmution of adoquale performance during vibration exposure
is thus more difficult and time consuming, In turn, this requires selection of v
tost method which allows sufficlent time to measure required performunce, For
exumple, the time required to dotermine If' a relay will chatter under vibrution is
far difforent thun that required to measure the performance of u rudur system,

Expericnce indicates that a corollury to the rule cited In the previous section
is thut the higher the assembly level (und therefore probubly the lurger the test
object), the more moaningful will be the evaluation of functional performance
under vibration. Some of the fuctors which contribute to uny validity of thisrule
are

1. Proper messurement of the cumulative degradation of tunctional perform.
ance of o higher assembly level due to the tueremental degradations within its
component parts,

2. The difficulty of speciiying the amount of performance varfation ar degri.-
dation I a component part which will be acceptable when the companent is
integrated into a bigher assembly level.

3. The greater aceuracy or reality with which the expected usage vibration
conditions can be specitied for higher ussembly levels, even though ft muy be
more ditficult to test to these conditions,

A generally accepted nomenclature to describe vibration tests of varlous
assembly levels hus evolved, although there are naturally test objects which fall
in a gray area between the severul levels, Starting ut the lowest level, these are
component tosts, unit tests, subsystem tests, and system tests., The selection of
test methods for these various levels is discussed below.

Component Tests, Component tests are tests conducted on individual piece
parts or small subugsemblies such as an electronie module or a printed cireudt
board. Generally it is possible to test more than one sample, and frequently a

i
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large sumple size Is possible, In fact, u single test may actually include as many as
twenty samples tosted simultancously. Usually, the tests are performed to
demonstrate adequacy of the compunents for a wide variety of uses and,
therefore, environments.

Thus In selecting test methods for component tests, it is desiruble und:

posuible 1o select standurdized tost conditions und procedures which cun be
accomplished rapldly and economically on u wide runge of test fucilitles, partic.
warly for qualification of “offsthe-sholf™ items. Generully the test ¢onditlons
can’ be quite conservative Ih order Lo envelope a wide varlety of usuge conditions

_ which are typically pootly defined. For exumple, it is difficult enough to define

the environment for a single unit or bluck box, let alone to define that for a
single-plece part which may be used-ut many locutions within euch of tho units
which comprise the system, Even if it were technicully possible, it would clearly
be uneconomical to do so in view of () the typlewly low value and cost of the
coniponents, (b) the ease und economy with which corrective action can usually
be uchieved oven though significant conservatism ls included in the test, and (¢)
the most Importunt fuctor that the adequaey of the components Is usually more
dependent on the method of packuging 1n the next ussembly level than the
configuration of the component ltself, When the component for which u test
method Is to be defined is more specialized than indicated above, u stundard test
method Is usually satisfuctory. However, if the results of such u test indicate the
necd for significant design chunges, the test method selected initially should be
reviewed to determine if u more reallstic test can be derived. For instance, as an
example of the gray area betweon component and unjt ussembly levels, expen-
sive components such as gyroscopes und displuy tubes, which ure ussembled into
units, are often developed for u unique application, In such cases, the value of
both the test item und the results of the test is sulficient to justify, technicully
and economicully, the selection of more specialized test conditlons and
procedures,

Unit Tests. The selection of test methods for testing of single units or black
hoxes I influenced in part by the nuture of the Functionsl characteristics of the
unit and in part by the nature of the next assembly level, I any, and ussoclated
tests at that level. Some units may constliute a complete functional system or
subsystem, such as u ¢conununication set, to be installed in a currler vehicle, In
this case, evaluation of functiona! performuncee is clearcut und no higher assem.
bly leval tests will exist. In other words, the selected test is the final demonst ca-
tion of adequacy by test prior to final use, In many, and probably the vast
njority, of cases the unit under tost is one of a number of units which together
constitute a functioning subsystem or system, In this case, evaluation of fung-
tional performance during vibration exposure will be less definitive, as stated
earliar, because of the ubsence of system interactions between the various units,
In addition, the necessity of evaluating the vardation of fundumental system
parameters indirectly from the varlation of one or more measuruble parameters
associuted with the single unit may present a very difficult tusk. Selection of the
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test method will depend, in part, on whether the single unit is installed individu-
ally in u carrier vehicle or whether it, comblined with several other units, will be
installed together in o carrler vehicle, e.g., us a complete spacecraft, and sub-
jected to o vibration test at this higher assembly level, In the former situation,

the solection of & test” method ‘Is not unlike that for a single Indopendently -

functioning unit, In the latter cuse, knowledge of the tests that will be selected
for porformance at higher ussembly levels should influence the selection: of unit
test .methods to ensure the comr- " Mty of tho tests at each level and to pormit

more liberal interpretation of . «.mul performance degradution- of the unit
during test since conflrmationa. = dgher usseinbly lovel tests will be obtuined
lutor,

The appropriate test condltions for unlt tosts ulso tend to bo affected by the
two clusses of units discussed above. A single independently functioning unit will
probably be intended for u vuriety of uses, e.g., a radlo set to be installed in a
number of different uircruft, In this cuse, as with comronent tests, the test
conditions may represent, by Introduction of sume conservatism, un snvelope of
oxpected sorvice environments, On the other hand, a single unit fulling in the
sesond cluss will probably be u ‘tailor made” design for a single upplication and
environment, The test conditions can then be selected to reflect the more
speclulizod upplleation and, to a reusonablo extent, the charucteristics of the
higher assembly lovel for which tho fundamental test conditions ure probubly
dofined.

Subsystem/System Tests. The clussification of certuln equipment us u subsys-

tom or 4 systom is oftan ambiguous. A fire control “system” muay be considered
4 subsystem of u weapon system, for example, For purpuses of vibration test
selection however, the exactitude of the name is less important than two
charucterlstics of the array of equipment to bo tested, First is the characteristic
thut the equipment performs one or more fundamental functions which can be
measured during test and which are basic to satisfuctory end use; (or example, to
search for, acquire, and track u target of specified character. Second is the
physical charaeteristic that, for there to be any distinction from a unit test, the
equipment consisis of a collection of units, most or all of which are integrated
into a common supporting structure, This characteristic gencrally means that the
test object is of more than average size und welght and that the structural aspects
of the test become more significant. Further, the effects of the impedunce
characteristics of tho test object und the structure of the service installation
must, if ut all possible, be tuken Wto account I the selection of the test method
and conditions.

A fundumental option in the selection of a system test metbod is whother the
complete system is to be subjected to the vibrution excitation or whether
individual units of tho system will be subjected to the vibration while functional
performunce of the complete system is observed. A third cholce consisting of a
mixture of the first two Is obvious, When individual units, in turn, ure exposed
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to vibration while functioning within the system, functionsl pertormance evalua-
tion is clearly more realistic than during a unit test, However, since only part of
the systom Is exposed to vibration, the additive effects of degradation within
several units ure Bifficult to assess. On the other hand, it is casy to identify the
culprits when degrudation of performunce vecurs.

Configurution. 1t has been suggested thot nothing {s constunt except the

oceurrence of chunges. Since the pussuge of time between the selection of u test

method und the ‘execution of the selected test muy cortainly involve weeks and
often muny months, the selection process must recognize the potential though
unknown changes which cun {or will) oceur. The nwost probuble changes will be
in the uren of the configurution of the test object, purticulurly during reseurch
and development progrums, By the time u test method has been selected, the test
object munufuctured, the test cunducted, and the results evaluated, it will viten
be found that u number of design chunges will huve occurred which were not
included in the conflguration of the test object, While the effects of conflgura-
tion clunges will primarily aftect the evaluation of test results, the test method
should be selected with u view towurd minlintalng these effects,

Function, The function performed by the test ubject in lts service environ-
ment must be w consideration in the selection of un appropriste test method.

Flest, 1t edequuey s to be demonstruted, the test method must be une which
permits assessment of the manner i which the equipment has perforimed its
function, either directly or by indirect means. For example, the function of 4
shipping container s to prevent damuge to the cncased equipment. ldeally,
adequucy of the contuiner Is demonstrated by observing the absence of dumage
to this equipment after test. Frequently, however, the adequacy must be demon-
strated indirectly by showing that the container does not permit vibration In
excess of some level to be experienced by the encased equipment,

Second, the importunce or eriticality of the function of the test object must
be evaluated in selecting the uppropriate test method, For example, equipment
whose function must be performed very precisely at u given time may require a
more complex test method than aouipment whose function is more general and
essentiully independent of time und any associated equipment, e.g., the vutput
of an unregulated power supply.

In uddlition, the number uf times that this function has to be pertormed nust
be Included sinee the required duration or repetition ol the test must be defined.
For example, if some purt uf the test object must be replaced ufter $0 hours of
operation for reusons other than vibratlon exposure, the test method selected to
demonstrate equipment adequacy durlng an operational lifetime of hundreds of
hours must take cognlzance of this SO-hour limitation. A more obvious example,
of course, Is the function performed by uny type of “one-shot” device, from
squib-uperated relays to missiles,

Magnetic Susceptibility. It is often necessary during the selection of vibration
test methods to evaluate the susceptibility of the test object to environments to
which it will be exposed as an incidental part of the test method, The mos:
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common of these is the magnetic field which exists, in varying strengths tor
various shukers, in the vicinity of the shaker armuature. The functional perform-
ance of equipment in elther an absolute sense or when combined with vibrutory
motion may be adversely affecied when the equipment is exposed to a swrong
magnetic fleld. In additlon, even materlal properties such as dumping capacity
muy chunge in some cases. While test condltions should not change for equip-
ment susceptible to mugnetic fields, the test setup and procedure ray require
modification to work uround this susceptibility. _ ,

Hazardous Operation. The finul test object chaructetistic to be mentioned ls
constderation of uny fuctors which could contribute to creating huzardous
conditions, This factor must be considered with respect to both normul opere-
tlon and ubnorhul ¢onditions which might oceur due to fullure durlng or at the
couclusion of test, For exumple, the autoignition of explosive muteriul has been
experlenced due to the temperature rise created by etergy dissipation during
exposure to vibration. :

Success or Failure Criterin

Agaln, according to the busic purpose of vibration tests, the suitubility of the
test ubject can only be determined If some messure of sultability has been
defined prlor to test, Criterlu for success or fallure of the test andjor the test
object cun then be derived from this measure of suitability. In muny cuses, these
ctiterlu ure self-evident and perhups even teiviul. For example, If the purpose of
the test is merely to determine the nutural frequencies and modes of' u structure,
there are no criteriu for the test object and the test Is suceesstul if the selected
method provides this Information, However, it {t {5 required that u suitable
structure must huve no natural frequencies in certain®frequency ranges or that a
minimum damping fuctor tfor cach mode is necessary, then these criterla should
be estublished beforehund und cunsidered In the selectlon of the test method,

In many equipment specifications, he vibrution requirements state, in effect,
that the equipment “shull be undumuged by and shall provide satistactory
functional performance during and after exposure to the following vibration
conditions.” Of cowse, depending on test purpose, performance during exposure
may or nay not be required. Nevertheless, {t iy clear that eriterly to define
dunwge und satisfactory performunce are needed.

If cumulative fatigue dumage theory has any merit, it is probubly never
possible to state that equipment is “undumaged™ after vibration exposure.
However, It is possible 1o establish criterfu for success based on limiting the
damuage. For example, the amount of wear in a bearing or other mechanical
connection, the change of transmissibility vr static deflection- of a vibration
Isolutor or the change in drift rate of 4 gyro ure parameters that can be meusured
and used as criteriy besides the obvious ones of luck of complete fructure or
futigue cracks In the test object,

Compared to damage criteria, establishment of criterfa for satisfactory fune-
tional performance Is usuuily very difficult and quite complex, depending on the
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ussembly level under test. As is the case with dumuage criteria, most test objects
will exhibit some depradation, or at leust chunge, of funetivnal performance
when exposed to vibration, Unless damage has oceurred, this will disappear when
the vibration excitation is discontlnued. Therefore, criteria for permissible
‘chunges ih functiohal performande must be established. It Is imposstble to define
all these eriterlu in this monograph, but the lolluwlng fundumental fuctors must
be constdered:

1. Is u purticulur mwde of operaticn requlred under thc vnbrution wnditions

to be simulated?

2. 1s the permissible varlution related quantitatively to the lmendud use
rather than to specification vulues which typleally reflect munufucturing
variabllity?

3, Hay the permissible variation tuken into account uny test acceleration
fuctors used to establish the vibratlon conditions?

4, Are the spectral (fe.. frequency) charucteristics of the permissible varly-
tlon adequutely defined?

S. Hus appurent varlubility due to meusurement error been accounted for?

6. Huve permissible und nonpermissible adjustments been identifled?

The next step after detining criterin for success or fullure of the entire tost is
the definition, again betore Initinting test, of criterlu needed for decision muking
when a fuilute has oceurred or, In the case of reliability testing, when usuccess
has occurred. Primuarlly, these eriterla are needed during formal qualificution
tests und are concerned with questions such as

1. Should the test object be repaired or replaced alter fulure oeeurrence?

2. Should the test sc’iwoncc be repeated or continued from the point of
tuilure?

3. Cun additionul testing of an investigative or trouble-shvoting natute be
nitlated and, 1f so. to what extent und of what type?

4, Should the failure be confirmed on u second test object?

5, How muny. it any. fuilures are permissible before the test is considered
unsucuesstul?

0, Is the fallure of such magnitude that testing should be diseontinuea?

By now the reader must have become aware that the definition of success or
fuilure criterla is very closely related to the definition of test purpose discussed
I an carlier section, Hopefully, he is also aware of the Importance und value to
be guined when these considerations ure made prior tc the performunce of the
tests. It Is all tou easy to fall into the trup of progeeding on u basls, best
deseribed colloquislly, of, “Let’s run u test, see what happens, and then play It
by car." Tests performed with ill-defined purposes are unlikely 1w yield usefil
and valtd results,

It muy not be so obvious that considerution: of success or fallure eriteria prior
to selection of test method Is almost as important. The method selected may
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well be very different, depending on whether these eriteria are of o “go- no go*
type ot of u threshold type. For exumple, a dilferent test method would be
selected depending on whether It is required that o relay not chatter under

- certuln conditions or whether the level ut which chatter will oceur, as a function

of “frequency, is~to be meusured, As another example, when the complete

. vibration test consists of several purts, cuch with diffeting detailed purposes,

the seloction of test method should reflect this sltuatlon, For exumple, when
purt of the test is to demonstrute functionu! performance und part 1§ to
demonstrate structuryl integrity, it Is often advisablo to ¢omplete all testing
for the first part prior (o starting testing for the second part, Agaln, If a test
to fullure under swept sinusoldal vibratlon {s to be conducted, o lurge num-
ber of relatively short-duratton sweops is preferable to n small number of
very slow sweeps since the former will provide better resolution off time to
fuilure,

It is not Intended to suggest thut the critards dlscussed ubove will ull
be found entirely satisfuctory onee testiug has been Initlated,  After all, if
one knew cverything that would happen, it would probably be unneces.
sav to run the test,  However, I o ot of criteris have been estublished in
tl o celutive calm prior to test, uny modifleation or udditions to the el
tert, which develop und the necessiry englucering declsions required under
the usual pressure of test conduet will be estublished on v more rational
busis,

Replication of ‘Tests

Because of the inherently destructive nuture of vibration tests compared tu
iy other environmental tests, the opportunities to replicate vibration tests are
rather rure. Yet cxperience und the literature illustrate the wide varlution of
fatigue and damping properties of almost all materfals und thus indicate the
desirabllity of replicating vibration tests, Le., conducting the “sume™ test on g
number of “identicul” sumples, uslng the principles of statistical design of
experiment to yleld significunt test results. The opportunities to replicate tests
generully are found in component or plece-part testing and In quality ussurance
testing of higher assembly levels.

Significance of Test Results

The results of vibrution tests may have significance in a number of nontechni-
el areas, such as cost, schedule, ete. The considerution here, however, Is the
technical significance or validity or value of the test results. Most often, this
consideration arises in connection with failures during test hut probably should
be muade more frequently in connection with successful tests, If this considera-
tion ls mude after testing is initiated, cleatly no effect on selection of test
method will occur. However, prior consideration of this fuctor will often assist in

it o St et
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selection of the optimum method, Typical of the questions which must be
answered to eviluate the significance of the test results are

1. Iy the configuration of the test ubject representative of the equipment in
use?

2. Are the vibrution test conditions well defined und an adequate stmulution-

of service conditlons?

1. Are the exeitation und control methods sutistactory?

4, ls the test object attachment reallstie?

5. ls the test sumple slze udequate?

6. What Is the signiflcanee of varfubllity In both test object wnd test
sonditions?

2.2 Test Conditions

The general considerations in the selection of u vibration test discussed in the
previous sectlons huve been primatily indireet fuctors in the selection process. In
this section, the parameters which must be selected to properly define the test
conditions ave discussed. These parameters Inelude deseriptions of the vibration
itselt’” with recognition ol the inherent shnulatlon churucteristics, the locutiony
for exeitution of the test object and control of the test level, the required duta,
and finully, the required wecuracy,

Selection of Vibration Conditions

The vibration conditlons which must be specitled to define u vibration test
are { 1) exeitation parameter, eg. motion, foree, ete (2) wavetorm, (directly or
indirectly): (2) frequeney range: (4) durations und (5) level us a function of
frequency, Each of these condftions cun generully be specitied independently,
although the stmulation characteristics of the test are uffected by interrelation
ships between these purumeters.

The uctual selection of the conditions can be made through three basic
approsches. First und most directly, when the purpose of the test permits, is the
selection of a set of conditions which reproduce the expected environment to
the greatest extent that is technically and eeonomically feasible. The second
approuch is less direet und Is bused on selection of u set of test conditic : which
will cause the same effects to be manitiested in the test object as would exposure
to the expected environment. The third approach is essentally an arbitrary
selection of conditions, based mulnly on precedent und experience, which wili
uchiove a speeifle paipuse without regurd to the slmulatlon considerations
inherent in the flrst two approuches,

Excitation Purameter(s). When the vibrutlon conditions ure 1o be deseribed in
ternss of a single exeltation purameter, the selection {s rather sinple sinee motion
(Le., displocenent, veloelty, acceleration) und applied force are the two param-
eters which can be created and controlled in the luboratory, When the descrip-
tion of test conditions {s In terms of both motion and applied foree, some form
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of impedance testing is preseribed. Since the excitation at a puueular point
produced ‘by 2 single shaker cun only reuct to one control signal at uny instant,
such o deseription may take two busic forms, In one cuse, the motion is spacitied
together with the constraint that sonw Hmiting foree is not exceeded, or vice
versi, Thus the excitution purumeter may shift from motion to force and back to
motior at varfous points i1 the frequency runge, In the second case, the
excltutior pargmeter is detined in terns of some mathematicu! combinution of
motion and foree, usually as o function of frequeney, which is an impedance test
in the truest sense.

Clearly the selection of the excltation pmameter depends on the daota
avabluble 1o define the other test conditions discussed below, Sinee nica-
surement of the dymamic service environments is alimost entirely in terms of
motion, s not surprising that wlmost all vibration tests wre spectfied In terms
ol motion, '

Waveform, The selection ol the appropirlate waveform which defines the time
varfation of the excitution pavumeter is vasentially lndted to tlve practical
possibilities: (1) situsofdal, efther fixed or varfuble frequency; (2) rundum with
approximuately Guussian stutistical properties; (3) a combination of 1 and 2;(4)
complex perjodic wavelorms: und (5) playback of recorded time histories. The
clreumstances in which the selection of u partleular waveform may be made are
descrihed qualitatively below,

Simulation of Environment, 1f the basic appro: 1 to the selection of test
conditions is to be followed, i.e., reproduction of the service environment, then
the selected waveform should veproduce the essentiul deterministic and/or statis-
tieal charneteristies of that environment. 1t might appear that the tifth option
listed abuve would be the immediate cholee in this case. Hlowever, for a number
of reasons, such ay the atypicality of the recorded time history, the unknown
and unvontrollable effects of amplitude and phase distortion, the inherent risk
of open-oop test contror, ete.. itis believed that the appurent advantages of this
method of achieving the desired wavetorm are largely {lfusory and that this
approach is suitable only in very special and vestricted clrowmstances. 1f the time
history is aot to be reproduced, then the major wavetorm characteristies which
must be reproduced are (1) the spectral characteristies, Le., the varfation of
intensity with frequency; (2) the statistics] characteristics of ejther the instan-
tanicous i peak values of the waeform In terms of the appropriate probability
density tfunctions or correlation functions; and (3), when multiple control-
excitation parameters are fovolved, the interrelationships between these puram-
eters, such s relative phase, co- and quadspectral densities, ur eross-correlation
functions. While a discussion of the determination of these waveform parameters
from service environment duta Is beyond the scope of this work, it can be said
that fixed- or variuble-frequency sinusoidal waveforms rarely reproduce the
dusired characteristics o the service environment and thus will be infrequently
sefected i the environment s to be simulated. On the other hand, it has been
found that the waveform chargeteristivs of a4 random nolse signal with Gaussian
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or normally distributed amplitudes and uppropriate spectral shuping will gen-
erally reproduce the assentlul characteristices of the service environment and lead

- to selection of the second option above. Exceptions. tu the above statements are |

found In several instunces. For example, the vibration dus to high-rate gunfire in -
- abreraft may be readily simulated by o pulsed or complex periodi¢ waveform us -

described in Chapter 3 {17]. Agein, the vibration in helicopters includes
motion ‘at the fundamentul rotor frequency and its harmonies, fe., complex

pesfodic motion, which, conceptually at least, could be selected as the waveform”
for testing purposes, The selection of u combination of sinsoidul plus random .

waveforms achieved some popularity for testing ot eurly spacecraft when it was

found that certain solld rocket motors exhibited u “sereech” which could be”

churucterized as a sweeping sinusold superimposed on the typicul broudbund
rundom excltation. Cleurly this basic upproach to ihe selection of wuvetorm can
only be followed if sufficient duta to describe or accurately predict the usuge
environment are available, 1 such data are uvailuble, then selecting the uppropri-
ate waveform is quite strafghtforwurd, ’

Stmulation of Environmental Effects. The approaeh of seleeting the vibratlon
waveform for test which will simulate the effects of the vibration vaveform
encountered in service has several implielt Himltations, Flrst, it implies thut the
effects of the service environiment on the probubly us yet unused equipment are
known, Second, it implies that the etfects of the test envirohment on the as yet
untested equipment are also known, Third, repurding waveform, it is fimplied
that the relationships between the service waveform and service effects and
between the test waveform und test erfects are understood. A little reflection {y
sulficient to come to the realization that this approach can be tuken only on the
busis of past experience with similur equipment and us & meuns of moditying the
previous approgeh of direct stmulation of' the environment to uchieve more
practical and economical test conditions.

Arbitrary Seiection. Selection of wavetorm based on either simulation of the
environment or simulation of the etfects of the environment is implicitly related
to tests intended to demonstrate adequucy in a service environment. As dis-
cussed previously, u number of tests have purposes which are only indirectly
reluted to the service environment and for which, therefore, the wavetorm may
be selected arbitrarily to best suit the purpose of the test.

The most common example of this situation is found {n those tests conducted
to determine the dynamic characteristics of the test item, ie., the natural fre-
quencies and modes, the frequency response or transfer functions, ete, Two basic
wavefurms may be selected fur this purpose, Fiist, a slowly swept sinusoidal ex.
citation over the desired frequency range may be used. Alternatively, a broad-
band randor excitation, typicully but not necessarily with constant spectral den-
sity, may be used. A third possibility of using a shock or impulsive excitation
is described in the literature [18,19). The choice between the swept sinusoidal
and broadband tandom excitations should be based on the following factors:

1. The nature of the waveform specified for the design requirements.
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2. The nature of the waveform expected {n the service environment.
3. The availability of trucking and other ancillary equipment for the analysis

_ of swept sinusoidal signals.

4, The availability of speu.tml unulysis equlpment for uhalysis of random

vibrution signals.
5, The duration of excitation required.

6. The most convenlent formut for further processing of the unalyzed data,

7. The relative totul cost of the two approaches.

Following chapters describe the above fuctots in greater detall, It {s appropri- -

ate, however, to Indicate here, In qualitutive terms, the munner in which these
factors affect the choice of approuch, If the test item were u perfectly linear
system, the first two fuctors would be Immaterial. However, recognizng the
inherent nonlinearitles of physical systems, it is desiruble to measure the transfer
functions, ete., with the same excitation wuveform (und intensity) as service

" excitations in order to minkmize the complex effects of nonlinearities, particu-

larly those evident in the damping properties.

The next two fuctors are obviously interrelated, Aguin due to nonlinearitles,
this time in both test equipment and test item, it Is found that the sinuscidul
excitation and response will be rich in distortion at many frequencics, particu-
larly at the natural frequencios which are generally of most interost, Therefore, to
obtain valld trunsfer functions, it is necessary to remove this distortion from each
signal by filtering prior to the compari;en ot the relutive amplitudes and, when
necessary, phuse of the two signals, When random excitation is employed, rapid
and aecurate spectral analysis equipment must be availuble, If sln;lu -point exclta-
tion is employed, simple power (or auto) speetral density unalysis will suffiee,
providing phase relationships are not required, If' multipoint exgitation and/or
phase relationship. are required, it is necessary to compute cross spectral densi-
ties (both ¢co and quad) in addition, thus complicating the data reduction require-
ments, An alternative and analagous approuch to data analysis of random excita-
tton is the use of auto- and crosscorrelation analyses, combined with Fourier
transformations, In terms of data reduction complexity and equipment require-
ments, the spectral and correlation methods are approximately equivalent,

The fifth fuctor relates to the possibility of damage to the test item during
exposure to the selected excitation, Since the complete excitation frequency
spectrum is excited by broadbund random excitation, this approach permits the
required data to be obtained during a very short exposure, of the order of 10 to
20 sec, It should be noted that the usually stringent requirements on the
bandwidth-time product for statistical accuracy of spectral unalyses do not apply
since the statistical errors effectively “cancel out” when the spectra are ratioed
to obtain transfer functions, provided the same time sample of duta is used for
each signal,

The sixth factor regarding the further processing of the analyzed data ahould
probubly recelve the most consideration but often is given scant attention. With
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the increasing use of digital computation in struetural and dynamic analysis, the
outputting of reduced data from tests in digital form for further processing, such
as comparlson of cxperimenta) and analytical results, becomes increasingly
desirable from a time and cost stundpoint, At the present time, rundom vibration
déta ure more readily .\duptuble to such formatting than thosé obtuined from
slnusoidal excitation, In any cuse, proper design of the complete experiment
requires that the conplete duta analysis and evaluation process be.consldered
when selecting the type of excltation for the test phuse, .

Regurding the last factor, it is again necessary to examine the cumplete
experiment. to determine the relutive costs of the two approuches, A relatively
inexpensive test which yields data which nmust be luboriously trunseribed for
evaluation may well be u pour bargaln compared to u more expensive test which
ylelds the required duta in 4 convenlent formut.

A further example of the urbitrary selectlon of vibratlon waveforms arlses in
the selection of waveform for quality assurance or proof-of-workmanship tests.
The objective here is to seleet a waveform which will efficiently teveal defeets in
the test item while avolding the vecasion of dmnuge. All the traditlonal wuave.
forms have been employed for this purpose, In addition [20,21] complex
perlodic waveforms with rich harmonle content, such as those produced by
certaln reactivn-type vibrutors with impuct loading, have been used widely, The
udequacy of the wavelform selected can only be judged after the fact, bused on
the subsequent fullure history in equipment so tested. However, it has been
observed that those waveforms which may be considered broadbund, whether
deterministic or not, do appear to be relutively more efficlent in revealing
workmuanship errors in assembled equipment, For example, detection of insuffi-
clently torqued screws, missing lockwashers, ete., is quickly achleved.

Frequency Range. Selection of the frequency runge over which the vibration
intensity Is to be specified for a test usually requires little more than some
comon sense, First, the frequency range over which the available vibration test
equipment can provide the required vibration intensity and waveform provides
lower and upper bounds. Displacement capubility typicolly limits the lower
frequency cutoff. while the frequency response of the complete vibration
system, Including control equipment, deflnes the upper frequency limits, Be-
yond equipment limitations the purpuse of the test in conjunction with the
dynamic characteristics of the test item, elther known or estimated, can be used
to limit the required frequency range to avoid unnccessary ¢xpense in both
testing und dala processing, Since response duts of interest und equipment
dumage are generally observed ut the natural frequencies of the test item, testing
more than an octuve below the lowest naturul frequency of the test item s
unlikely to be particularly fruitful (unless one is calibrating a transducer, for
example). On the other hand, there is little to be galned by testing to an upper
frequency which is beyond the upper frequency at which damage ot malfunction
oceurs, or beyond which either the excitation intensity or response characteris-
ties are known or undorstood. In fuct, experience indicates that specification of
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test conditions 10 unnecessarily high frequencies frequently leads to serjous
nisinterpretations. For example, with sufficlent bandwidth, rather large overall
rms aceelerations result from moderate spectral density values. Whllc this exam-
ple muy seem almost pathetic, it is nevertholess real,

Test Duratlon, The selection of test duration discussed below and the seles.
tion of test level discussed in the next section are very closely interreluted, With
few exceptions physfeul taflure during vibration occurs thyough fatigue of
muterlals, Thus the llkelihuod of fullure is directly coupled to the duration of
the test.

The motto of a vibration test activity might well be, “If we shake it hard
enough or lotig enough, we can breuk it." However, If the duration is to be
selected by one who s less destructively inclined, then three options are
avaitable: (1) duration based on simulution of service life, (2) duration which
will uncover a satisfuctory fraction of potentinl fuilures, and (3) dutation which
will achieve the purpose of the test.

Selectlon of a test duration based on operational life may be very strajghtfor
wurd, such us in the case of spacecraft and boosters, ground-luunched missiles,
ote., whore simulation of the complete vibration exposure amounts to a few
minutes’ test duration. On the other hand, direct stmulution of the vibration
exposure of airborne equipment which may lust for hundreds of hours over u
wide runge of intensities Is completely Impractical. In this cuse, u test duration
must be derlved which, based on some seceptable model for futigue damage
accumulation, is equivalent to the service environment. This derdvation would
fogically lead to u test duration at tee maximum expected intensity which (s
equivalent to the integration of the cumulutive effects of vurying durations at
varying Intensities up to and including the maximum expected intensity. This
might not be considered un accelerated test in the usual sense of the term even
though simulation of the service life Is accomplished in an accelerated manner, If
the test duration so derived is still impractically fong, then the duration of an
accelerated test in the usual sense of the term, conducted at an Intensity greater
by some fuctor than expected in service, may be derived using the same model
for futigue damage accumulation, It should be neted that the above derlvations
should be carried out lndependently of any factor of sufety or ignorance which
fs to be arbitrarily applied to either duration or intensity. Chapter 3 describes
quuntitutively the methods of deriving test durations in this fashion. An approxi-
mate rule of thumb reluting duration und intensity is that a 3-dB increase in
intensity (doubling of spectral density) iIs equivalent to o fuctor of ten in
reduction of duration.

As discussed further in Chapter 3, the approximate duration to be simulated
may be described elther in time, yielding more cycles of motion at higher
frequencies, or in cycles, ylelding shorter time durations at higher {requencies.
The latter case Is more likely under the second option mentioned previously
when g certain fatigue life, In cycles, cormesponding to an effective endurance
limit, is to be demonstrated.
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Luboratory experience in vibration testing seems to indicate that, for a glven
vibration intensity, most failures that are going to occur will veeur in the st
few minutes of test, regardless of the type of vibration waveform. ere. This

_experience Iy substantluted by the experience In product assurunee testing
> deseribed by Kirk [21]. In this program, ‘consisting of some 11,000 tests, it was

found thut essentlully all workmanship fallures oecurred within 15 min, [f these

“results may be considered typicul, a logical means of selscting u test duration
- which will detect a sutisfuctory percentage of potential falluies is thus available,
- Of vourse, the foregoing secms to tly in the fuce of cumulative fatlgue damuge
~theory, However, I cne pustulates thut most fallures in vibration  tests ure

Initiated by an imperfection of some kind which causes severs stress concentra-

“tlon, then fallure Is due more to exceeding the ultimute strangth ot the low cycle

futigue life rather thun the sloping portion of the normal endurunce curve to
which cumulutive dumage is applicuble, ’ ’

Although the third option listed ubvve might be considered u cutehull cover-
ing any situation” in which the {irst und second options do not apply, logicul
selection of mintmum durations, bused on the test purpose, may be made in the
followlng cuses: )

1. Selection of duration required 1o verify satistuctory funetional perform-
anee, Le., how long does it take o cheek out the equipment. This is olten used
In conjunction with an secelerated test during which degraded performunce is
allowed, .

2. Selection of u duration consistent with the capabllities of vibration test
equipment, e, a sweep rate slow enough to permit securate level control hy
the servos,

3. Selection of g duration consistent with minimum duts requirements for
datu analysis procedures, For example, a sweep rate slow enough for uccurate
analysis with tracking filters, XY plotters, ete. Or, as another exumple, a
duration sufficient for adequate statistical accuracy In unalysis of randont
vibratlon,

4, Selection of g duration consistent with achieving desired test object
response. For example, u sweep rate slow enough to permit quust steady stute
response (see Chapter 3) or fust enough to simulate a transicnt excitution,

5. Selection of u duration consistent with instrumentation and data sequisi-
tion capabilities, e.g.. the length (imewlse) of o reel ol magnetic tupe.

Muny similar bases for selection of test duration in this calegory will un-
doubtedly come to the reader’s mind.

The most difficult problem in the selection of test duration, particularly 1 1t
is to be based on simulution, hues to do with the direction or directions of
excitution. Vibration tests are typically conducted for a stuted duration in each
of three orthogonal axes, one uxls at a time. Generally, if the environment to be
simulated calls for a certain duration, say T min, then the test will consist of
excitation for T min In each axls, for a total duration of 3T min. However, it is
an unusual test object which does not respond rather omnidirectionally. at least
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in some resonant frequency bands. Furthermore, It 1s unusual if the vibration
exciter, when loaded, dues not produce significant crosstulk excitation ina few
frequency bunds. This approach is thus demonstrably conservative. However, the

~degreo of conservatlsm is unknown and therefore u-determination of the appro- |
priate reductlon of test time pot axis Is impossible. However, the conservatism ls -
. probably less penalizing than that engendered by misguided uttempts-to solve

the problem by exclting in one direction only at a level whose vector compo.

. nents in the three orthogonal axes are equal to the required levels; i.¢., for equul

components, test at an amplitude of V'3 ot 1,73 times the specified amplitude.
Test Level. A detailed discussion of methods of selecting vibrution test levels
Is far beyond the scope of this monogruph, purticulurly where the test level is

intended to simulate a service environmient, The first monograph in this serfes by

R. H. Lyon (SYM-1), Random Noise and Vibration in Space Vehicles, [22],
was addressed to this topic for spaco vehicles, The extensive bibliography in that

- work and Refs. 23 through 27 of this monograph will lead the reader to the
~ appropriate Hterature regarding the prediction of’ vibration environments for

vutlous clusses of equipment. However, the next slep of transluting o glven
meesured or predicted environment Into a meaningful test is probubly asimpor-
tunt und certainly equally difficult,

In fact, two steps ure really involved here. First, the environment must be
translated Into u meaningtul set of design requirements, The second step then
consists of developing o set of tesl requirements which will demonstrute compli-
ance with the design requirements.

In principle, differences may logicully exist between the design requirements
und test requirements. These differences may reflect inherent limitutions of
vibration testing equipment such as muximum displucement, minlmum or muxi-
mum practicul frequency range, output power capability. ete., in addition to
such fuctors as test accelerntion, unlaxial testing, ete. In practice, it is unfor-
wnately true that the test requiremants frequently tend to become the govern.
Ing design parumeter due to two major inadequucies in present methods of
selecting or deriving test conditions, which lead to unknown conservatism,
particularly in test levels,

First, the inability to secount adequately for the differences in impedance
churacteristics between the usage installation and the test configuration leads to
the definition of test level in terms of Input motion o the test item. Such a
definition sutomatically creates u test conflguration which effectively has in-
finite output impedance at the Interfuce between the test item und the test
fixture, In other words, no matter how the test item responds to the excitation
nor how much force is required to create the required motion, the test level is
unchanged,

Second, test levels ure generally bused on data measured under a varlety of
conditions ut u number of locutions on a structure or equipment which is
hopefully representutive of that for which a test (or design) level is to be
selected. In some cases, it has been possible to modify the data previously
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guthered 1o the present structure or equipment by use of analyticul or statistical
techniquaes. ln clther cuse, the test level is generally selected by enveloping ail, or
almost ull, e.p. 95 percent, of these data in order to define an input vibralion

level. While. s.ncly conservative, this approach, in etfect, discards thc mlonnulmn_

contained in at leust 95 percent of the availuble data,
It is clear that these two Inadequucles ure Interrelated und both derlve in part
from the following philosophical point, Any meuasurement of vibration, either

- foree o motion, Is actually the measurement of vibrution response ut u patticu-

lar point of u glven dynamic system to u geneiully unknown and prububly
unknowable excitution, This is-true whether the measurement {s made In the
laboratory or In the usage environment. Recognition and ueweptance of this
fundamental point then make it clear that the definition of a vibrution “Input”
Is an artifice employed to define a vibration tost in reusonably. simple terms.
While it is generally necessury to resort {o this urtifice, the level which (s selected
as 4n “Input” should take cognizance of the fuet that it s Indeed a response,
References 1, 28, und 29 deseribe u technique proposed to mitigste the inade.
quacles discussed shove.

Although beyond the scope of this monograph to explore the selection of test
levels in detall, it Is approprate to indicate the steps that should be employed in
the following situations:

1. Simulative tests to which the service environment is known or has been
predicted, :

2. Simulutive tests for which the service environment is unknown.

3, Design tests ahd investigative tests where there ure essentiolly no prior
constraints,

4, Quulity ussurance tests.

Euch of these situations can be envisioned lor the various equipment ussem
bly levels, f.e., plece-parts up tirough complete systems, and the level selected
should reflect the ussembly level of the test item as well as the particular
situation. The previous discussion on puge 11 should provide the reuder with
sufficient assistance to properly allow for this fuctor,

Test, Levels for Known Environments. 1t the envitonment may be considered
to be known, it will typleally be defined in either the equipment specification or
u set of design requirements. This detinition will often describe the vibration
input, omnidirectionully or in three orthogonal directions, to the complete
equipment assembly, ¢.g., the spaceeraft, In addition, limitations on the response
of the equipment at certain locations may be specified. Selection of the test level
Is then trivial,

If the equipment assembly contuins o number of umits or major subussem-
blies, the above definition muy slso include vibration test levels for these
individual parts of the equipment, which again mokes selection trivial, If this
definition is not included, it s usually neBessary to select a test level which will
provide high confidence that these units will be sutisfactory when installed In the
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complete assembly of equipment, What would appear to be an uppeuling ap-
proach to a solution of this problem Is the determination of the transfer or
frequency vesponse function between the specifled Input locution and the unit
attachments, either by analysis er by test of” a structural model of the complete
assembly. Multiplication of this frequency response curve by the specified input

would presunubly then yleld the appropriate unit test level, However, test lovels-
obtained in this munner must be tempered with engineering Judgment, First, the -

test levels would undoubtedly vary with frequency In a very conplex fashion,

thus leading to very complicated tests. Second, the dissimiluritiey between the-

real equipment und efther o luborutory test model or an unulytical model would

render the tine detuil of the frequency response curves essentlully meaningless,’

Furthenmore, it Is likely that the high end of the frequency runge would be
attettiated to an unrealistically low level when the real onvironment is
considered.

The most diffieult judgnent to make will be with respect to the severul lurge
peuks In the derved test levels which reflect the primury modes of the entire

structure, 1t requires a degree of courage and, of course, conviction to select a.

test level which does not envelop these peaks [n both umplitude and frequency.
Yet consideration of' the probable Inaccurucles In the derivation process, the
unknown effects of impedance mismatch between unit und equipment ussembly,
the very signitficant differences between Installation of the unit in a very rigid
vibration fixture and the refutively flexible assembly, und the probable penalties
due to utinecessary conservatism, requires that a test level bused on smoothing or
averaging of the transter functions, rather thun enveloping, be selected, The even
more difficult tusk of selecting test levels for components (plece-purts) was
discussed on puge 11,

Test Levels for Unknown Environments. When it is hot possible to determine
or reasonably predict the service environment, selection of the vibration test
level my be made in one of two ways. First, test levels which previously have
proven satisfuctory tor shmilar equipment or for similar use, i.e.. spaceborne,
airborne, ete., may be used again, Alternatively. general Governpent specificu-
tions such as MIL-STD-810 should be consulted. These speciflcations usually
contain several alternutive test procedures, each of which nuy be conducted at
one of several levels for a given duration, In addition, guidance In selection of
the appropriate method and test level is included, bused on the size, loeation in
the vehicle, type of vehlcle, propulsive system, type of installution, use of
vibration isolators, ete. While It is generally conceded that these specifications
call tor quite conservative tests, the benefits which aecrue from selection vi' a
stundurd test should not be overlooked. These tnclude such fuctors as taniliur-
Ity of deslgners with such requirements, relative euse of vonducting tests,
applicability for additional apphications of the equipment, ete, In the case of
components or piece-parts, use of these specifications is recommended, even
when the testing of the next higher assembly may consist of quite advanced test
methods or nonstandard test level descriptions.
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Test Levels for Design/Investigative Tests. Test fovels selected for design and
investigntive tests, us sugpested Tor the selection of other test condition param-
eters, should bear close relationship o the levels specilied Tor later formal

“testing, Since the hardware avatluble for this type of test is often intended to

serve several other importunt purposes, it Is generally prudent to select levels

‘which are, initially ut least, depressed. from the formal test levels. This upprouch

of gradually building up to full level hus severul ruther obvious udvuntages, First,
in case of deslgn” weukness, the opportunity to deteet and understund the
weukness before cutustrophle failure is enhunced, Second, the threshold ut which
fallure oceurs may be nscertained, thus glving o measure of the degree of design
moditicution required, Third, when severul design deficlencies exist, they may all
be {dentified prior to corrective uction und retest, thus minimizing the number
of Hterative design und test eyeles required Lo achleve u sutistuctory design,

Excitution and Control Locations

The definition or specifleution of the locations of the vibration excltation and
the test level control transducers to be used for u vibratlon test s often only
lovsely defined in vibratlon test specifications, even though the outecome o' the
test muy be strongly intfluenced by these two parameters, Thus the vibration test
engineer i3 In u position to select these test conditions and influence the guality
of the test more froquently than for any of the purameters disoussed so far,

The situation urises, of course, from the fuct that the vibration speclfication is
generully written gt aboul the time the equipment design is Initiated, 1t s thus
impossible to deseribe these lucations physically or dimensionally und they must
therefore be desuribed In genersl terms which provide guldance to the test
engineer when he ultimately selects the exact physical focation. Frequently, the
final selection s and can only be made after the equipment Is installed in the
vibration fixture ready for test,

In the vast majoiity of tests, the excitation and control locations are fdenti-
cal, permitting discussion of these parameters in the same section, For certain
speclalized tests, additional control locations are employed, requiring some
sepurate diseussion in the following subsections. Location of response trans
ducers used to monitor the response of the test item has little hopefully,
no - effect on test performance and will not be discussed.

Input Versus Response. The discussion of test level seleetion emphusized the
fundamental fact that the vibration measured at any polnt represents the
response of u aynamic system to some exchiation, and that it s only u necessury
artifice 10 ascribe the characteristies of an “input™ fo such u response. The
significance of this polnt in selecting excitution and control locations is illus-
trated in Fig. 2-1, f, us illustrated n Fig, 2-1a, the vibration exeitation cun be
described as a single-point excitation ut some point of the test vbject with an
input impedunce Z;, then the respunse of that item to g given foree or motion
excitation F; or ¥ is unique and independent of the output impedance of the

.
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Fig, 2-1, Excitation points: (u) single und (b) multiple.

shaker/fixture system Zy, Z, only defines the ubility of the shaker/fixture 1o
create the desired excitution. However, this s not the usual situation and Fig,
2-1b illustrates conceptually the more common situation where the uttachment
to the test object is made at u number of points. There will be differences from
attachment polnt to attachment point of both the input Impeduance to the test
object and the output impedance of the shaker/fixture systen. Thus when the
shuker is excited, the motion ut the various attachment polnts, {.¢., the responses
of the gystem at those points, will be a function of the dynamic churacteristics,
i.e., impedances, of both the test object und the shaker/fixture, Thus the same
test object, tested to the swic levels using different shakers und/or test fixtures,
will exhibit different rosponses. 1t should be clear that these differences will tend
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to increase in magnitude as the excitation frequency Increases, Of certainly equal
und probubly greater Importance are the differences between output impedunces
of the shaker/fixture and the supporting structuse in the service installution,
Although {t fs generally impossible to udjust quantitutively the test conditions
for these effects, the proper selection of attuchment polnts and control locations
us discussed In the “following sections cun ut least mitigute these cffects and
frequently avoid the generation of completely unrcalistic responses in the test
objset, S o

_Excitation Locations: In the majority of vibration tests, the selection of
excitatlon location Is triviul, since the only feasible locatlons ure the normal
attachment points of the test item, Then o test fixture fs built which will
Introduce, insofur as possible, the required motion at each of the altachment
points, leading, of course, to the design ot very rigid, heavy fixtures, The next
section discusses methods of controlling the excltation which accommodate the
almost inevituble ditferences In motion between attachment points. It is clear
that, with this approach, the excltation will be Introduced at the appropriate
locations but that, perhaps with the exception of vibration. lsolated equipment,
little simulution of the service installutlon is uchieved, On the other hund, it {s
usuglly possible to achieve the desired test levels at these points, A rather radical
deputrture In customary test specification would be required to permit use of
fixtures which more nearly simulate service installution [30],

Gencrally, the testing of compuonents, units, und even small subussemblies Is
accomplished as outlined above, in part bevsuse it Is the most feusible wuy und
In purt because it s ut the attachment polnts that the environment is defined,
can best be predicted, und would normully be measured duringa tleld meusure.
ment progtam, As the physical size and, to some exient, weight of the test
object increuses, the above approuch ls generully unsatisfactory, Selection of’ the
excitation location should now tocus more on the manner of excitution in the
service environment rather than on only the attachment points.

For example, in the case of an external sture on an alreraft (including the case
of a weapon bay when the doors are opened) the excitation due to serodynaimie u

flow, ete., is applied to the exterior of the store and “flows™ into the aircraft
through the launcher and pylon. Any attempt to vibrate the store by excitation
through the luuncher hooks is, to carry the analogy one step further, swimming
upstrewm und, bused on experience with u number of alrto-alr guided missiles, *
will not provide an adequate vibration test, A likely result of such un approuch Is
the early and unjustified faflure of the launcher hooks before the desired missile
vibratlon level Is achieved. Furthermore, the design of an adequate fixture and
creation and control of the test level at genesally wellsseparuted points on o
masslve test object is difficult if not impossible. 1t is therefore appropriate to
apply the excltation lo the store at a number of convenient points, such as main
structural bulkheads or the motor thrust ring, References 1 und 4 describe the
results of such an approach, The main point here s that the test must be
designed tu creute a cortain response level within the test ubject und that the use
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of an “input™ spprouches the ridiculous. To paraphrase Dreher [23], o
1000-pound missile cannot be tested using un ehvironmental test procedure
wrltten for testing black boxes.

Not all massive test objects are amenable to the upproach of the ubove
discussion, A complete spucocraft or payload is typically attuched to interfuce
structure by being bulted or clumped to u rving. The excitation location can
usually be only-at this ring, due to the churucteristics of the spacecrafi structure
and contiguration. In this case, It Is recognized that the exeltation {3 both
mecliunical and ucoustie, Mechunical uxclntion acts through the Intetfuce while
acoustle oxcltation aets over the entite spaccctuft, "Thus excltation of the
Interfuce us an Input ls appropriste, provided some means of controlling the
response of the spuceerait to appropriate levels is included,

Control Locations, 1t wus not tou long ago that the test level of 4 vibration
test was generally “controlled™ to the desired value by use of o velocity
transducer mounted on the end of the sheker mmature away from the test
object, Fortunately some progress hus been uchieved sinee that tinme and the
Jocutions employed tor test level control ure now somewhat niore meaningful,
For the mujority of tests conducted us deseribed inn the beginning of the previous
section, the ubvious location fur control trunsducers, generally uccelerometers,
was ot the vibrutlon fixture adjucent to the test object attachment points. For
example, MIL-STD-810B, Method 514, Puragruph 5.5 states, *The input moni-
toring transducer(s) shall be rigldly attuched to und locuted on or near the
uttachment point or points of the test tem.” While it is not completely clear
which side of the attachment point is intended by this stutement, [t is customary
to mount the transducers on the fixture. This is desirable for several reusons,
such s the avallability of flat rigld surfuces, the avoldunce of” marring the test
abject finish, the ability to screw down rather than glue on the accelerometer for
test safety, the repeatubility of tests, ete,

For the control of some of the nonstandard tests discussed in Chapters 3 and
4 and briefly in the previous section, the control trunsducers must be located at
additional points on the test object us well as at the point of excitution.
Selection of these locatiuns must be compatible with or analogous to the
locations tor which the test levels were derived, predicted, or measured, Gener-
glly these would be the attachment points between the units which make up the
assenbly under test and the mujor structural members of the ussembly. Thus the
test engineer requires u reasonuble knowledge ot the origin of the test levels to
make o meaningful selection of control locatlons for these specialized test
methods,

Level Control Method

As was true for control locations, the delinition of level control method is
often either omitted or only lousely specified in most vibration test specificu.
Hons, Until about 1965, 1t was generally unnecessury to define the control
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method since it was only infrequently thut more than one trunsducer would be
employed to provide the control signul which was then used directly s un input
1o the vibration test equipment. In the past flve years. it has bec yme quite

commott, in tact almost standard, o use multiple transducers to generate control

~slgnals which are processed: in one of several ways prior o injection of u single

signul into the vibratlon test equipment for control of the test lovel ut any

purtlcular time, either manually or wutomatleully by use of servoampliflers,

Becuuse of father fundumental differences of signal characteristics, the toch.

nigues employed for sinusoldal anid randon vibtation are sufticiently different to

wurrant discussion sepurately, However, there are one or two fundumental

reasons for eleeting to employ severyl control trunsducers und these ure common
to every lest waveform, : .
As mentioned previously, most test specifications or procedures call for u
certuin vibration level to be upplied ut the equipment uttachment points, with
the Implicadon thut the motlon time historles will be identleal at all wttuchment
points. Very little analysis or practical experlente is noeded to convinee ono that

there will be significant differences between these motions, particulurly In high

frequency regions, suy above 1 kHz, For lurger test ttemy, these differences tiay
be evidont us low In frequency us 100 to 300 He, whereas Tor testing of small
compuonents {plece-purts) the ditferences muy not occur below 2 or 3 kHa., The
ubove rules of thumb assune that u “good" vibration fixture on an sdequately
larger shaker Is availuble tor use, The cited frequencles can be reduced signifi-
cantly with u poor flxture, an undersized shuker, or u purticularly bulky test
Item, In any cuse, ditterences will usually exist within the desired tost frequoncy
range and be greatest at frequencies where one or more of the attachment points
become either nodes or maximum response points of the shaker-urmature/
fixture/equipment dynamic system. When o single control transducer s
employed, severe overtest or undertest, respectively, will oceur, even II' the
vibration test equipment §s able to cope with the required changes in driving
sighal. To accept that this situation does canstitute overtest or undertest Is
perhaps @ matier of philosophy. It does seem reasonuble that the specified test
lovel is unlikely to have been derived for a single, urbitrarily ¢hosen attuchment
point of the oquipment under test and Is more likely derived as a number repre-
sentative of the motion of all or any of the attuchment points.

A second reason for employing mulbtiple control transducers Is concerned
with the emipirical simulation of impedunce cffects. Although related to the first,
the second reason s sumewhat different. In the first cuse, the use of multiple
transducers 18 a recognition of the impossibility of ereating the desired identical
motion of the severul attachment points. In the second use, the use of multiple
transducers 1s o recognition that 1t Is often desiruble to pormit, or even encour-
uge, differences ut the varlous attachiment polnts (o obtain an improved slmula-
tion, The “loading down® of the attachment polnts due to the impedance of the
test object is allowed to oceur as naturally as possible,

el i,
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To illustrate the foregoing, consider the vibration fixture shown in Fig, 2-2.
This fixture, which weighs 173 lb, is used to test avionics units weighing 30 to
50 Ib on a 30,000-1b exciter. It is quite rigid and supports the units through four
pins and bushings, two at each end ot the unit, and a screw-type latch at the
front. During random vibration tasting in the vertical direction, four accelerom.
eters were pluced as shown in Fig. 2-2 for test level control. The variation of
ucceleration spectral density among these four locations during excitation at Q.1
g* [tz from 20 to 2000 Hz is shown for two units, one weighing spproximately
30 1b and the other upproximately 40 b, In Figs, 2-3 and 2.4, respectively,'in
these flgures, the two curves represent the muximum and minimum spectral
densities of the individual accelerometer signals, divided by the average of the
four individual spectral densities, in each 10-percent analysis bandwidth, If there
were no variation, the curves would be coincident at a value of unity, It should
be noted that these curves envelop the four individual spectra and do not
represent the spectrum at any individual location, While generally similar. the
differences betweon e two units are appatent. ' s clear that very aifferent
test. would be conducted if any individual accelerometer were selected for
control, In uddition, since the test level is representative of a zone of an aircraft
fuselage and thus the average of the motion at individual mounting points, the
expected environment Is better simulated by controlling the average of these
four accelerometer signals,

Sinusoidzl Test Level Contiol, Figure 2.5 illustrates the several choices to be
made in defining the test level control method for sinusoidal tests for either
single or multlple vontrol transducers. It will be seen that certain of the paths
will also be applicable for other nonrandom waveforms. The flrst decision point

Fig, 2-2. Avionics unit fixture,
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-

Fig. 2-3. Maximum and minimum variations of individual centrol accelerometer spectral density: from -

power average of four accelerometers on fixture shown in Fig. 2.2 loaded with 304b unit.
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I MAXIMUM l

“Hiig. 25, Vlow churt for selection of sinusoidal test lovel control,
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requires a selection between using all the control transducer signals all the time
or using only vne signal at any particular time through u signal selection device.
In the former cuse, the uvoruge of all transducer signals Iy obtained. In the latter
cuse, the criterfon for selection of a particular transducer signal must be estub-
lished, Either the transducer thut reads the muximum ot the one that reads the
minimum cun be selected, us shown In Fig, 2-5. '

It should be noted that by approprute aitenuatior or amplification of
individual trunsducer signals, the signal selection device cun limit or transfer to
different trunsducer signals at different physical levels, e.g, Chunnel 1 ut 2 g,
Chunnel 2 at 5 g, Chunnel 3 at 500 lb, efc, Similarly, welghted uverages of the
several signals could be obtained by modifying the Inputs to the averuging
device, '

The next decision point requires the selection of the broadbund signal or the
fundumental, le., first harmonle of the broudbund signal for vontrol to the
spocificd test level [31]. It should be noted that there is no techuica! reuson why
the two loops of Flg 2-5 cannot be linked in reverse order, The order is, of
course, trivial for broadband control. For fundamentyl control, reviesal of the
order strictly requires use of a trucking filter for each transducer signal, which
may cause problems of equipment availubility, Some of the consideratiors which
enter into the selection of an appropriate method are discussed below.,

The cholce between averaging and maximum signal selection should ideally be
based on the muannor in which the test level itself way derived. If the test level
represents extreme conditions, then maximum signul selection is appropriate, On
the other hand, if the test level represents some kind of uverage level, or evena
smoothed envelope of extreme conditions, then average control Is appropriate,
Test levels based on minimum conditions, i they exlst, must be quite rare.
However, cven when the test conditions are bused on extreme conditlons, it may
be desirable to use average control to insure that the intent of the test Is not
defeated because of an idiosyncrasy in one transducsr signul due to rattling, a
poor fixture, a poor transaucer location, ote, Although difficult to substantiate,
the argument can be made that the scceleration at one attachment point will
genecally be lurge in comparison to the other points only if 1t is relatively susy to
create motion of that point, which ulso generally means that the motjon will not
be particularly dumaging. Thus the real increase in severity by use of averaging
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instead of signul selection may be less than the quantitative data implies, whereas
the simulation of impedance characteristics may be improved,

Several Governmert test specifications such us MIL-STD-B10B specify that
the minimum transducer. signal shall generully be selected for control unless
mugsive test items are Involved, in which case the average signal shall be used, It
ia believed the discussion ut the beginning of this section refutes the propriety of
the selection of the mininium signal, o

A decision to select either the broudband or the fundumental (obtalned by

pussing the broadband signal thiough & tracking fllter slaved to the excitation
frequency), whichever is chosen, may be difficult to justify. The nesd to make
the choice arises from the inherent nonlinearities present in the vibration test
equipment und the test object, These nonlinearities manifest themselves in the
generation of harmonic distortion, particularty during excitation in the neighbor.
hood of resonant frequencies, Test objects in which free play or cleatunces exist
are notable in this regard, At certaln frequoncies, the peak-to-peak amplitude of
the broadband aignal muy be as much us ten times the peak-to-peak amplitude of
the fundumental component which is the only desired excitation,

Figures 2-6 and 2.7 are frequency plots obtuined during u 2-g peak sinusoidal
aweep of a unit welghing approximately 30 Ib, Installed in the fixture shown in
Fig. 2:2. Vibration was upplied in the lateral direction with the fixture on a slip
plate driven by a 30,000-b exciter, Figure 2-6 wus obtained from the Accel-
erometer Signal Selector output, whereus Fig, 2.7 wus obtained from the output
of a response accelerometer mounted on the unit structure. In Fig 2-6, the
upper curve represents the rms accelerution at the fundamental or excitation
frequency, und the lower curve represents the rms acceleration of ull other
components, 1.e,, the broadband signal minus the fundamental. In Fig, 2.7, up to
200 Hz, it Is the lower curve which represents the fundamental frequency while
the upper curve represents the distortion, The unit wus characterized by a 30-Hz
torsional resonant frequency which is prominent in the distortion of the input
shown in Fig. 2-6. It is felt that these two figures lllustrate the difficulties
inherent in the sclection of the sinusoidal control signal and, in addition, in the
interpretation of the results of sinusoidal tests.

A literul interpretation of ¢ test specification which called tor a sinusoidal
motion of a certain ampiltude ut or through a certain frequency range would
demand that fundumental control be employed. On the other hand if fundumen.
tal control were used, then the amplitude of the hurmonic distortion could well
exceed the amplitude required by the specification in some frequency ranges,
evon though it did not ceeur at the thime expected. Thus broadband control
would, in a certain sense, engender some degree of undertest, while fundamental
control would engender some degrec of possible overtest. The mujority of tests
ar performed using broadband control. 1t is not obvious whether this situation
reflects a consclous declsion that this type of control is more appropriate, is
puihaps easler to “'puss,” or reflects the unavailability of suitable equipment for
fundamental control,

- e e &
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Fig, 2.6, Rms acceleration of control signul during swept sinusoldal test —
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Fig, 2-7. Rms acceleration of rasponse signul during swept sinusoidal test ~
(A) Fundamental und (B) Broadband minus fundamental,
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Two situations where selection of fundamentul control uppeat to he most
appropriate are recognlzed. First, when frequency response functions are to be
obtalned from a sinusoldsl sweep test, 1t vopears to be more meuningful und,
from a duta reduction viewpoint, mor: ecvasomical, Granting that s frequency
response function of a nonlinear system iy raeaning in the first place, it is more
meaningful to obtaln the response to a given constant level of sinusoidal
excitation, especially ift is desired to t'stain «heisponse-ul useries of different
levels, Second, if the input sinusoidul leve' i be held essentially constant

through use of fundamentul control, then the frequency response functions cun

be obtalned by the use of u single tracking filter fot filtering the pluyback of

recotded response signals, The udditional complexity of ratiolng the outputs of

two trucking fliters (response/input) can often be uvolded at smull loss of
accuracy. It should be clear to the reader at this point that it Is of questionable
value to obtain frequency response functions by ratioing the amplitudes of
broudband response and input signals us measured trom the cnvelopes of oscillo-
gruphle recordings at dow paper speed.

Referring aguin to Fig, 2-5, the reader should be cuutioned that interchanging
the two loops of this figure when fundamental control ls selected muy- present
test Implementation problems, which are discussed in Chupter 5. These problems
arlse due to the Interrelutionships between the time constants of the averaging or
signal selection devices, the trucking fllter, and the standard vibration
equipment.

Random Test Lével Control, Selection of the uppropriate test level control
method for random vibratlon testing is essentially trividl, ulthough there s o
choice of Implementation of method. Assuming that multiple control trans.
ducers are to be employed, the only practical upprounch s to control the power
average of the individua! signals to the desired spectral density, The term power
average, us opposed to the term average means that, withla uny narrow frequen.
¢y band, the spectral density of the power average is equal to the averuge of the
spectral densitios of the Individual signals. In other words, the mean squure of
the trunsducer signals Is controlled, It is necessary, therefors, to synthesize a
signal whose spectral density is equul to the desired power average of the
individual signuls, (The possibility of using a welghted power wverage by appro-
priate signal amplification or attenuaticn is sclf-evident.) Two means by which
such a signal can be syntheslzed are discussed on page 1184,

2.3 Data Requirements

Test specifications and procedures ure not usually convenlent vehlcles for the
definition of the data required during and after the completion of u vibration
test, Although these data do not contribute directly tou the definition of test
conditions discussed so fur, they ure the means by which tho sutisfactory (or un-
sutisfactory) generation of the desired test conditions is documented and thus
warrant some consideration here. These duata can be grouped into three main
categories,
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1. Dutu taken for continuous monitoring durlng test

2, Duta selected to verify test conditions

3. Data for engineering evaluation, e.g., response datuy,

The flist category generally consists of continuous recordings of all control

and some if not all response transducers, These data are acquired primarily for-
eviiluation in case of fallure in either the test object or the test equipment..
Exverlence indicates that when a failure in the equipment urider test occurs, it iv.
o natural instinct for the designer of the equipment to question the test
ronditlons in preference to questioning the adequacy of his desigh. In any case,

it tnay be desirable to know the conditions at the time of fullure. When a fallure
in the test equipment occurs, it Is generally accompunied by u transient motion
of unpredictable character, Thus it appears prudent to tuke raw data continuous.
ly during test even though most of it can be discarded almost immediately ufter
conclusion of the test. Except for sinusoidal data for which oscillographic
recordlng is generally adequate, magnetic tape recording Is preferuble, since later
processing of the data Is often required, The transducer signals to be recorded
should be selected from u consideration of what information is needed to
understand the conditions at any particular time, such us at faflure,

The second category includes datu selected by both the customer and the
vibration test personnel, For duata reduction, it Is customary to select time
sumples of the transducer signals which are repiesentutive of the test conditions;
.8, spectral density plots, acceleration vy frequency plots, ete. The amount and
kind of' data required are determined hy consideration of the minimum amount
needed to adequately demonstrate that the specifled test conditions were indeed
generated or the degree to which they were not, Experlence Indicates that it is
very easy to yield to pressure, In the name of time and economy, to practically
eliminate this category of data but that, In the long run, It Is false economy to
do su,

The third cutegory of data really has nothing to do with specification of the
test conditlons, assuming that a test method has been selected which hus the
potentlal to provide the desired data, However, a prior] definition of these data
muy ensure that an appropriate test is selected. The amount and kind of data
processing required to achleve the purpose of the test should be specified by the
customer with the advice and consent of test personnel.

2.4 Necessary Accuracy

A lengthy discussion of the accuracy requirements to be specified for the
petformance of vibration tests is not appropriute to the theme of this mono-
graph. The subject is not one which has recelved, in an integrated way, sufficlent
attentlon during the davelopinent of vibration testing. 3mull segments of the
total problem have recelved inordinate attention, while other possibly more
important segments have been largely ignored. As will be seen, accuracy require-
ments are often specitled which are virtually meaningless due to luck of com-
plete detinition, and sometimes, due to physical impossibility,




- test'cost, In other words, the required accuracy is a fuctor in the design of the ex- .
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This section hus been Intentionally entitled necessary accuracy rather thun
just accuracy {u order to convey the thought that consideration must be given to
specitying wccuracy roquirements which are compatible with the precision to
which the nominal values ure known, the precision with which the results of the
test can be evaluated, and the value of schieving additional securacy at additiona)

poriment, This is not to suggest thut the normal good practices of using regularly
calibrated Instruments, proper calibration signals, ete., are unnocessary or should

be reluxed. Rather it is 10 suggest that, for Instance, there s little to be gained in -

‘requiring & resonant search using u sinusoidul sweep to tuke exuctly N min, The

only meaningful requiremant Is thut it be slow enough, l.e,, the sweep should be
at least N min in duration, '
The justificutions often cited for spectficution of test purameters with rather

small allowable varlations ure tho need for repeatubllity of tests voupled with
quality control requirements. These justifications presuinably developed from

experience that the sume equiptnent lested ut different locations, or different
serial numbers of the same equipment tested ul the same location, exhibited

" diftferent responses and failures, Howover, experence also shows that even with

very tight specifications, the variability of test resulty still persists, suggesting
thut the major variability in the results is due to purameters which huve tiot been
controlled and which probably cinnot be elther identified or controlled even If
identified. The greatest contributor to such varlability is the variation between
nominally ldentical test objects, For example, Fig. 2-8 illustrates the vurlubility
in the squured transmissibility of five missiles during longitudinel vibration, The
threc curves represent the maximum, mear, and mininwm values of the squared
transinussibility, averuged over 10-percent bundwidths, between the forward und
aft sectlons of the missile, u distunce of approxlmately 8 ft. Without golng into
excessive detull, ull factors except test object varlabliity are believed to have
been normalized out of these figures. Since the data of Fig. 2.8 were meusured
on the major structure and averaged over generous bundwidths, it is not hard to
imagine the very lurge vurlability oi responses of detailed parts, etc., within the
electranic units mounted to this structure.

A second contributor to the varlability of test results occurs when different
tost facilities are used. The use of different fixtures, ditferent vibration excites,
and of'ten different muunting locations of control transducers will all contribute

. to what, In effect, is a different test, Although the test conditions are nominally

the saime, the sffects of different impedances in the two test conflgurations cun
well gonerate differences in test rosults,

There Is little reason to expect that the variability in the service environment,
upon which test levels are based, will be any less than those which are observed
duting test. In fact, thoro is good reason to expect conslderably: greater variation,
Thus, while reasonable effort to maintain a certaln accuracy in test condtions is
nocessary, it is suggested that only that precision essentiul to the purpose of the
test bo specified,

-
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- und (06) fixture characterlstics, Parunwoters 2, 3, und § appear In most specifica-
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Six purameters which are significant, although not equally s, in the specifice-
tion of tolerunces during vibration tesis are (1) duration, (2) frequency, (3)

sinusoldal umplitude, (4) acceleration spectral density, (5) required equalizution,

tions, ¢4, MIL-STD-B10B, whereas the sixth patumeter has lately been included

i1 4 number of specifications for spuce equipment, A tolerunce for -the first -

parameter 15 seldom specified. Considerations which should enter nto the
seloution ol tolerunces for those purameters ure discussed below.

Duration

Thespecification of time enters Into tost specifications in two ways, First, the

totul test duration, or perhups duration in eoch uxls, is spocified. Second, the
time to necomplish some purt of the test, such s a sinusoldul sweep, Is specificd.
Of cotirse time I, In u sensy, the independent variable of the test, but neverthe-
fess, should be permitted u redsonuble specified variubllity. It 1s quite eusy to
vontrol aeeurntely yet iy probubly relutively unimportunt o the overall test

purpose, First, the detivation of the nominul test durution, as mentioned it the -

section on time duratyn (p. 33),Is p -ibubly the must arbitrury test parumeter.
Second the shupe of u typical futigie eurve Is such thut o 3.dB change in
amplitude s equiva) ut to a fuctor of ten In time, Thus the efforts often made to
set up u sinusoldul sweep so that It tukes exactly 15 min, or to come buck after
ropulr of u fullure to complete the last few minutes of' o 3-hour test may be well
menning und satisty speciticutions but hardly vontitbute to the overall value of
the test program.

It {s recommended that test specificutions should generally bnclude rather
wide tolerances on durations so that undue efforts to meet the vxuet times now
specified are uvolded.

Frequency

A typleal specification tolerance for “vibration frecquency™ 1s 1/2 Hz below
20 Hz or 2 percent (MIL-STD-8108), It would perhaps be more Jogieul to
specify 25 Hz as the cutofl so that no step in the toleranee oceurred. In uny
cuse, frequency In vibration testing Is, like duration, more an independent vari-
able thun u controlluble dopendont variublo. It is important to specify the aceu-
rucy with which it Iy measured but specltication of a tolerance on frequency
itself does not appeur to be particularly moeaningful, For example, in random
vibration, only frequency bandwidths lave meaning. When specifying the fre-
quency range over which a test ls to be conducted, o.g., 5 to 2000 Hz, it is appro-
priate to specify u tolerance on the upper und lower frequencica, In view of the
manner in which these bounds are selocted, as discussed in the section on frequency
range (p. 22), it Is perhaps questionable whether the tolerunce need be s tight as
+2 percent.
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Sinusoidal Amplitude

Aguin citing MIL-STD-810B us typleal, the tolerance for sinusoida! tests is
“Vibrution Amplitude: Sinusoldul £10 percent.” This stutement should immedi-
utely ruise the question of whether the tolerunce applies to the broadband peak
amplitude or to the umplitude of the fundamontal vy perhaps to the rins vatue off
the broudband signul, Test conditions whiclh conply, using one of these three
possibilities, would ulmost certainly violute the same tolerance applied to the
other two, Thus the quantity to which tho tolorunce applies must be clearly
identifled, A specitled tolerance, if it Is to be meuningful and not ignored, must
be unumbiguous and uttalnable with reasonuble effort und cost. Experlence
indicates that the specificution of a fairly small percentage variation, such as 210
percent, across the entire frequency runge of test Is often not uttuinable with
reasonuble effort, particularly during swoep tests. This Is due to the interuction
of the vontrol systetn and the retlected load of the test object und, when a single
control transducer s used, the oceurrence of nodes at the control trunsducer
location, Of course, the Inabllity to meet the specified tolerunce will be deter
mined only at the thne of test and cannot be determined u priori, At this point,
calling u halt to the test program in order to uttempt to comply fends o be
trauntic us well as Frultless, A more reusonable upproach, which hus been used
on 4 munber of veeasions, is to specify a tolerance, such ag £10 percent, which
must be maintained over most of the frequency range und n much wider
tolerunce, such as +100, -50 percent, which must be maintained over the
remuinder, For exumple, one could permit varlatlons In exeess of 10 percent in
soveral narrow frequency bunds, euch no wider thun say 1/10 of un vctuve with a
cumulative bundwidth of say 1/3 of an octave over which the variation oxceeds
10 percent, Such u requirement Is ressonubly usttainable, does achieve the
objective of avolding u poor quality test, und will therefore be complied with,

Spectral Density

Regardless of the data processing method empluyed, 4 measurement of the
spectral density of o random process hus iwo equally important charucterlstics
which should be included when specifying u tolerunce about some nominal
value, First, uny measurement represents the avernge spectrul density of the
signul within the analysis bundwidth. (It should be noted that the concept of
ahalysis--or effective-bandwidth is bused on the contribution of the skirts to
the output of the filter when a white noise input signal, Le,, constunt spectral
density, Is upplied to the filter, References 32 und 33 deseribe the smoothing
offects when varying spectral density signals are applied,) Thus the specificution
should Include u statement regarding the maximum acceptuble unalysis bund.
width to be omployed. Second, upart from messurement or unalysis Insccuracy,
any measurement of spectral density s subject to statistical or sumpling error,
This error is normally detined by

¢= 1/V/HT, (2-1)
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where ¢ I8 the normulized standurd error, 8 is the analysis bundwidth, and T'is
the sample data length, Reference 33 discusses this error In detall. From Lq.
(2-1), it is seen that a tolerance on spectral density must define s minimum
acceptable BT product. The interuotion of these two churacteristics s self-
evident. To this writing, practically no specifications for random vibration
include u statement regurding both these charactoristics,

Required Equalization

As doscribed In detail In Chapter S, equulization s the term used In random
vibration testing to deseribe the shaping of the output spectral density of u noise
souree to produce the deslred test spectrum ut the control polnt or points, The
nolse signul Is amplified or attenuated within contiguous bandwidths of a comb
fllter bunk, while the achleved speotrum is monitored through an identival comb
filter. Tho bandwlidths and analyzor and servoumplifier time constants of each
equalization channel must be chosen with due regard for the statistical errors
discussed under spectral density in Sectlon 2.4, Muking the gencrully sufe
assumption that the equalization equipment manufacturer hus mado u proper
cholee, It renwins to specity the tolerunce on the uchieved spectral density, It is
common practice 1o specify a tolerunce of 3 dB (+100, -50 percent on spectrul
density) acrosy the frequency range or ulternatively, to speeify 1.5 dB (+40, -30
percent) below 1000 He und +3 dB ubove 1000 He, The lutter pructice recog:
nizes the relatlvely easier tusk of uchleving the required values at lower frequon
cles. Compared to the typlel £10-percent tolerunce on sinusoidul amplitude
discussed previously, these ure generous tolerunces which probably reflect early
random vibration test oxperlence when the equalization process was carrlod out
manually, Le., with humat servos,

An additional requirement that the averall rms acceleration, f.e., the square
root of the urea under the curve, be maintained within a certain tolerance, say
£10 percent, Is often included. Presumably this prevents unscrupulous testers
from running the test at -3 dB ucross the whole frequency band. Three problems
arise in using tolerances specitied us ubove. First, the maximum bandwidth
within which the tolerance shall upply Is unspecified. Second, it s frequently
impassible to meet the requirements over part of the frequency range. Last,
Inuppropriate methods of demonstrating compliance are specified.

To expund on these problems, consider the first one, The comb filters of
most commerclully wvailable equalizer/analyzer systems have bandwidths which
increase from about 10 He centered at about 15 Hz to constant values of 25, 50,
or 100 Hy, depending on the number of channels in the system. Unless specified
to the enntrary, » particulur test may be conducted using uny of the ubove filter
banks and the tolerance on spectral density will be observed for each channel of
the analyzer section. Remembering that the moasurement is the average spectial
density in the analysls bandwlidth, it is cleur that very dlfferent but nominally
idontical teats can be performed by changing equalizer systems. Therefore, if

>y
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there is adequate reason to select w particulur bandwidth for control, the equul-
lzer characteristics must be specitied a priogd,

The second problem Is similar 1o the situation discussed under sinusoidal
‘umplitudoe on. puge 44. A similur modification which permits larger doviations
over restticted bundwidths has been found satisfuctory. For example, u speeiflce-
tion might stute thut u larger varlation of no mote than £x dB in y equalizer
chunnels Is permissible, In rundom vibration testing, the generation of harmonic
distortion du¢ to nonlineatitios, discussed eartier for sinusoldal testing, will cause
sxcessive responses in one unalyzer channel due to the exeltution in u different
channel of the equalizer, Attenuating the nolse input in the chanel with the
exvossive response Is obviously useless, und identifying the channel which is the
source of the response is tnipossible, For random vibration testing, the vecur-
renee off nodes at control transducer locutions s more signitleant than. for
sinusoidal testing due to the broudband nature of the signal, If sutomatic equal-
ization {s employed, the shaker system will attempt to overcome the effects of
the node by deniunding u lovge umount of power In the frequency range of the
node, Limitations of both dynumic range und uvailuble power will then be
reached before tho desired level s achieved ucross tho whole frequency range.
Therefore it {s necossary (o identify the frequency bund of the node and depross
the input in this band so that the proper level is reached clsewhere. This cun
usuully be accomplished by muking u spectral unalysis of the motionof the shuker
heud, 1t appoars reusonable thut u test at the desired lovel over 90 percent of the
froquency tange Is more useful thap o tost at u depressed level over the entire
frequoney range. Thus a specification tolerunce of the type suggested nbove will
achicve the objective of the test and can reasonably be uchioved.

The lust of the three problenw, namely the speetfication of inappropriate
methods of demonstrating compliance, Is more 4 philosophical problem, even
though the severity of its impact on the ability to conduct u timely and useful
test program s ditficult to describe und Is almost unbelevable, With some
assistunce from Murphy's Law® an Inappropriste demonstration method will
ulmost cortainly show that excessive deviations oceurred.  The problem s
buscially one of frequency resolution combined with a confusion of the desires to
achieve u certain test spoctrum and then know what spectrum was achioved,

The root of the problem s illustrated in Fig, 2-9, which deplets five equal
contiguous bundwidths (B). 1f u signul whose actual spectral density Is shown by
the dotted line is analyzed with five contiguous idea! filters, with bundwidths
equal to und lined up with those in Fig, 2.9, then cuch meussurement will bo
identical. Each filter measures the average spectral density withln the bandwidth,
und the shaded areus above and below the horlzontal Hne In each bundwidth are
equal. If the center froquency of one of these {lters is udjusted, as shown by the
dotted lines, the meusured spectral density will change as shown, since the
averuge over u different bandwidih is now obtalned. If u different but stilt ideal

*Any't'hlng thusi can go wrong will,

LY
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filter with bandwidih B’ is used to measure this same signal, it will measure dif-
‘erent values thun the fileers with bandwidih B as shown in Fig. 2-9. The contin-
uous spectrul dessity plots obtained from a swept-frequency analyzer tend to
obscure the fast that each point on the curve uctually represents a value averaged
over the unulyzer bandwidth, A comb filter perniits the more graphic bar-chart
display sach as Fig, 2.8, where the averaging bandwidth is represented by the
width of each bar, -

B (TYPICAL}

]

MEASURED
[——» SPECTRAL
DENSITY

SPECTRAI LENSITY —§

! '
f-0 | —! B
FREQUENCY -~ —»

Fig. 2-9. Apparent or measured spectral density vs actual spoctral density,

¢Ten the eftects of using real fiters, each with its own churactenste deviation
from an ideal filter, und when it is remembered that the crossover frequencies
between adjacent filters in o comb filter usually oceur at the half-power (~3-dB)
puints of the filter, Jt should not be surprising that two spectral density plots
describing a single signal will differ conslderably in fine detail unless the sune
bandwidths and center Iequencles are used in esch analysis.

If the spectra! density of a test level control signal is determined with an
analyzer, particularly 1 swept-frequency analyzer whose bundwidth is equal to or
less thar the filter bandwidths of the equatizer/analyzer system used to control
the test, «f is quite likely that such an analysis will indicate that the spectral
density exceeded the allowzble tolerance, particularly In the frequency region
above | kHz. This will happen even though that same record. played back
through the equalizer/fanalyzer system, will show that the required spectrum was
achieved. It is suggested that this problem is resolved by recognizing the
following: First, when a test plan Js approved, tacit approval of the frequency
resolution of the equalization system is included in the approva’. If a particular
bandwidth equalizer is required, it must be specified at the time. Second, the
appraval also implies that the tolerance on spectral density Is to be achieved snd
demonstrated using the equalizer/analyzer bandv.ddths. Third, any later analysis
of the control signal with different analysis bandwidths is perforrued merely to
find out what happened und nol o atlempt to control the test. It is believed
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that any other approach merely leads to fruitless urguments since it is patently
impussible to control the spectral density in ono bandwidth with a filter which
“has u different bundwidth, Last, if one considers the basic purpose, the simuly-
tion aspects of the test, and the data from which the test level was derivad, it is
probably desirable to control the average spectral density, particularly above 1
kHz, over bundwidths which are at leust as wide if not wider than incorporated
in most common equalizer/analyzer systems,

Fixture Characteristics

A trend has besome evident during the pust year or two in which random
vibiation test specificutions for unlts to be tested prior to installation In space
vehleles have included requiremants on the characteristics of vibration flxtures,
The design of suitable fixtures, discussed in more detull in Chapter 4, is
coniinuing source of difficulties in vibration testing. The sources of some of
these difficulties huve been mentioned in previous sections, One difficulty not
previously mentloned is one of economics, Speclificully, insufficlent time and
money ure generally ullocated to the design and fubricution of test fixtures
relative to the total cost of the test, particularly when one recognlzes the
Influence that test fixture churucteristics can have on test rerults, Assuming
uppropriate location of control transducers, inudequucies of test fixtures gen.
erally snanifest themselves us either the inubility of the shuker system to produce
the desired test level or the cavine of unrealistic failures in the test object due to
overtest. Undertest is ulso possible but generally Is much less llkely, Specification
of required characteristics of test fixtures Is directed toward eliminating th-se
types of problems. Like most things, however, currying this to extremes can
create problems worse than the orlginal one,

These specifications on fixtures generally contain three wqulremt.nts The
first one Is thet the adequacy of the test fixture be demonutrated with the real
test object mounted in place. Second, the specified variation, or rather luck of
vatation between motion at the attachment points of the unit is to be demon-
strated by making a low level, I-g or 2-g, sinusoidal sweep through the [requency
rauge. Third, the permissible variation between any two aitaclmen polnts s io
be limited for exumple to 6 dB, or a fuctor of two in umplitude, over a
frequency range of 20 fo 2000 Hz.

The following implications of this kind of requiremunt should be considered.
If the demonstration is to be conducted with the test unit in p'ace, it can only
be performed just prior to the real test, Since the type of prograns in which
these requirements have appeared sre ususlly characterized by very tight
schedules, the discovery of a fixture inadequacy ut this time tends in cuuse a
certain amount of anxiety. Since it is the fixture charactoristics which are to be
exandted rather than the impedance effects of the unit, it is suggested that
either the empty fixture or the {ixture loaded with u simple dummy nass migint
sorve the purpose equally well,
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This suggestion also assists in resolving the following problem. It is desired
that the fixture be adequate during a randome vibration test, genorally at high
spectral density levels, Because of noulinearities, the variutions measured during
a low level sinusoidal sweep and those measured during test will be quite differ
ent, with much greater variation during the former. Thus the fixture should be
evaluated at full level which is possible elther empty or with dummy load but
not with the real unit. This approach also avolds the problem, discussed on
page 36, of deciding how to account for harmonic distortion during the
sinusoidal sweep, -

The manner in which permissible varations are to be specified requires
cureful consideration, First, It s the varintion between the motion ut any
attachment point and the motion represenited by the control signal which is
important, whether this bo a point on the fixture somewhat removed from un
attachment polnt or a power uverage signul (see Sectlon 2.2, discussion of
random test level control) derived from the motion at several attachment points,
Second, the maximum ‘permissible variation should be described ih & muanner
which is physically achievable. Except for very compact test objects, this means
that lurge varlations must be permitted over some reusonable frequency range,
similar 1o the suggestions made in previous discusslons of equalization and
contral tolerances, Of course, the fixture [s only one link in the shaker/flxture/
test object system which is to be controlled within some acceptuble tolerance
bund.

To illustrate the problems of fixture specification, consider the fixture
sketched in Fig. 2-10 which is the plan view of a 3-1/2.in. thick aluminum plate
which bolts dlrectly to the head of a 30,000-1b exciter, It was used for testing
severul light units together as an operating subsystem, One of the units was
rectangulur, approxiniately 15 X 25 X § in. thick, and spanned mwst of the
fixture s shown. This unit weighed approximately 25 lb while the fixture
weighed 200 Ib. The unit attached to the fixture and to the spacecraft by 21 No,
10 screws, To evuluate the fixtwe, accelerometers were attached in the rec
tangular grid shown in Fig. 2-10. Accelerution spectral density plots were
obtained for each accelerometer signal during random excitation of the empty
fixture at 0.2g%/Hz between 20 and 2000 Hz controlled at location A. The
spectral analysis employed a 10-percent bandwidth, Using u digital computer
program, these spectra were exumined to determine preferred locations of units
on the fixture and preferred combinations of accelerometers for power average
control, which would minimize variations between unit attachment polnt and
control signal motlons. Below approximately 800 Hz, the fixture behaved
essenitially us o rigd plate, The varlations above 80C Hz are illustrated in Fig
2-11. The two curves of this figure represent the maximum amplification and
maximum attenuation between any accelerometer location in Fig. 2-10 and
accelerometer location B. The values were obtained from the square root of the
ratio of the spectral density values in each bandwidth. In other words, they
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Fig. 2-10. Flat plate fixture, 3-1/2-in-thick aluminum,

represent approximately the rms transmissibility within each 10-percent band-
width, 1n decibels, the largest deviaions were +18.6 dB and —14.9 dB, While this
exumple nmuy be @ 3u sitvation, it Is belleved that the need for care In applying
fixture spocifications s apparent. Clearly, a moro simple or rigld fixture {s hard
to lmagine and the units have to be lested in whatever slzo they are built,
Although it might be desirable, specifications so far have been unable 10 change
the laws of physies,

Besides consideration of specifying fixture characteristics which we practical
to achiove by use of normal vibration test equipmant and good englneering
practice, consideration should slso be given to the effects of such u specification
on the simulation churacteristics und therefore confidence in the test results. The
kind of test objects cited at the beginning ol this discussion typically mount to
spacecraft structure through many small serews. It Is suspected that in many

I e - ey
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Fig. 2-11, Muximum amplification and muximum attenuation of vibration fixture
(so0 Iig, 2-10),

instances, it is the unit which stiffens the structure, rather than vice versa.
Testing of such units on very rigid fixtures, such as a 3-1/2-In.-thick magnesium
plate, is less than u complete simulation and obviously introduces atypical
responses in the unit during test, While it is still beyond our capability to solve
this simulation problem, it does not appear that encouraging a trend to more
rigld fixtures through overly tigid fixture specifications is a step toward im
proved simulation,

Suminary

The discussion in this section under the title of “Necessary Accuracy” has
been rather fur ranglng and has attempted to analyze u number of factors which,
when controlled to appropriate tolerances or accuracy, will provide useful
and valid test results. In effect, an approach to specification of vibration tests
which constitutes a bulunced design of experiment has been described, 1t is

P L TSR U S A.-‘—-—....—
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pothaps appropriate to conclude the discussion by summarizing the main points
which were as follows:

1, Selection of permissible variations of test conditions should be bused on

* requiring only that securacy necessary to uchleve u proper deslgn of experiment,

2, The allowable tolerance specified on vibration level should be consistent
with the sccuracy with which the level was derived.

3. If specified tolerances are to be useful, thelr specification must be com-
plete and unambiguous,

4, If specifled tolerances ure intended to be complied with, the tolerances
must be physically attalnable with reusonable englineering effort,

5, The use of power averaging control in rundom tests and averaging or
signal-selection control in sinusoidal tests will both improve the quality of the
test and the euse with which specified conditions can be achieved.

6. The quality und value of a vibration test s primarlly a function of the
competence of the test enginecring personnel, The use of close tolerances as a
means of uchieving high-quulity tests is not always effective und muy even be
detrimentul,




CHAPTER 3
SIMULATION CHARACTERISTICS
OF TEST METHODS

The purpose of most vibiation tests is to slmulate the conditions that will
occur in the Intended use of an item, Le., Its vibration environment. 1t was stated
eatlier that tests are intended to simulate elther the environment or {ts effects. In
reality, vibrution tests only simulate the effects. Real environments are much too
complex to reproduce exactly; in addition to the fuctors such as waveform,
impedance, excitation directlon, etc., there are the effects of other environments
which may act simultaneously with the vibration such as high temperature,
acceleration, ete, Hence, vibratiun tests are -designed {o simulate the more
important vibrational characteristics of uctual conditions and thus produce the
desired effects. The lmportant churgcteristics are reluted both to the objectives
of the test and to the dumaging eftects of vibrution, These factors, which are
interreluted, dictate the degree of simulation required. Chapter 2 contalns a
discussion on the simulution characteristics of varlous test purumeters and
techniques in terms of how these fuctors relute to uetual environments and their
importunce in relation to the objective of the test. Conversely, this chapter
contains g discussion of simulution characteristics in terms of effects. The test
parameters of the standurd methods, {.¢,, sinusoidal dwell, sinusoidal sweep, and
broadband random, are examined and compared on the basis of thelr dumage
potential, In addition, the characteristics of two “non-stundard™ methods, nur-
rowband random and gunfire vibration, are briefly discussed,

The discussions of test simulation here are, of necessity, more mathematical
than other chapters although the treatment has been purposely simplified. More
rigorous treatments of the material are found In works listed in the bibliography.
A word of caution: The subject of vibration is complex and the simplified
mathematical treatment opens the door to misinterpretation and misapplication.
Even if' the mathematics is manugeable there is the danger of aseribing more
accuracy to the unalytical results than is justified by the accurucy of the input
data.

3.1 Mathematical Model for Measurement of Simulation Parameters

Where necessary, the properties of different test methods or of a single tost
method us a function of the test conditions are compared by measuring response
parameters of a single-degree-of-freedom (SDF) system. The equations for an
SDF system are convenient und familiar to most engincers. They are not limited,
however, to the study of SDF systems, since in normal mode theory the
differcntial equations of motion for o single normal mode of & nmultidegree-of-
frecdom system huve the same form as those for an SDF system.

53
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The mathetmatical model used tor the evaluations is shown In Fig. 3-1. A

base-excitzd system was chosen because the preponderanve of tests wro per
formed by controliing the base motion. The differential equation of motion for

this system Iy

ddx dx dy
- - =) 4+ - §) = @,
" el + ‘(dr dl) kix = 8) =0

or, alternutively, In terms of the relative motlon,

diy dy d?s
- ¢ + =-Mm=—3 .
M ar ¢ ky "o
whetre
m = muass (Ib-sec®/In.)
¢ = viscous dumpling constant (hsec/in.)
k = spring constant (fhs/in.),

. x{t)

ylth - (1) - sit)

l — s(t)

Il 3-1, Mathomutical model of single-dogree-of-froedom
(SDF) system.

The steady stato solutions of these equations for sinusoldal excitation of the
form &) = 8 sin cof, where both Sy and w, the forcing frequency, are

constant with time are

— = Tgin(wt ~ ),
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and
AT -
5 = H sin (wt ),

t

0

‘where 7' und H in these equations are defined as the motfon transmissibility and

the amplification factor, respectively. The equetions for these factors ure ‘

r I+ Qiw/w,)? .
= (3-1)
- @/d)] + @wlw,)?

and
H = \/ ‘ (32
= ; , .
1 - @wd)]?+ @tw/w,)?
whare
b= fraction of critical damping (¢/24/km) (dimensionless)
w, = undamped nutural frequency (\/k7m) in rad/sec

fy = wyl2n Ha,

The transmissibility 7* Is plotted vs the nondimensional frequency w/ew,, in Fig.
3.2 tor several values of damping,

For steady state excltation the maximum response will occur for the foreing
frequency upproximately equal to the natural frequency, w/w, = 1. In this
case Eq. (3-2) reduces to

1
H = T

The value 1/2§ Is defined us the peak umplification or quality factor and is
commonly referred to us Q.

The quantity @. a term often used in olectrical engineering, is a measure of
the shurpness of the resonant peuk of un SDF system, This is illustrated in Fig.
3.3, which is u detuil of the resonance areu of a response vs frequency curve. The
bundwidth 8 of this resonance peak measured at the hall:power point (Le.,at a
value R = R,,,./\/2) is approximately related to Q by

w

"
8 = Q (3'3)

for values of dumping, {, less than 0.1,
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Fig. 3-2, Trunsmissibility lunctions of SDI system (from Eg. 3-1). FFrom
Shack and Vibration Handbook, vol. 1, Fig. 2,11, p. 2-12; copyright 1961
by McGraw-Hill Book Co,, Ine. Used by pormlssion.
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Fig, 3-3. Resonance apea of response v8 Frequency Hlustrating
hulf-power bundwidth (B).  From Shock and Vibration
Handbook, vol. 1, Fig, 2:22, p 2-15; copyright 1961 Ly
MeGraw-Hill Compuny, I, Used by permission,

3.2 Sinusoidal Test Methods

Single-Frequency Sweep

Or the two stundard sinusoldal methods, the single-frequency sweep Is the
least likely to resomble an actusl onvironmont. Nevertheless, it ls a more
desirable tost than the resonunce dwell for reusons which are explained in the
diseusston of resonanco dwell testing (puge 67).

In the sweep test the excitation froquency w s continuously varied betweon
an upper and a lower frequency Hmit. The rate of change of the excitation
froquency and the method of varylng this rate as a function of test froquency
have u significant effect on the response of equipment. The sweep rate controls
the amplitude of resonant response, and the sweep method controls the umount
of time nr nwmber of eyeles in any frequoncy runge.

Effect of Sweep Rate. When o specimon [s excited by constunt sinusoidal
excitation at a rosonunt frequency, the amplitude ol the response will gradually
build up to a level proportional to the lovel of excltution and tho amplification
factor of the resonance. This final level Is termed tho steady state response. The
number of cycles of constant excitation required to abtain steady stato response
is proportional to the amplification of the resunance; the greater the Q the more
cycles necessary to build up to steady stute response, When the excitation
frequency is varylng, as in a sweep test, the number of cycles In any frequency
band is dependent on the rate of change of excitation frequency. Stoady state
response can be approximated only {f this rate is slow enough to ullow
sufficient number of cycles to oceur in the bandwidth of the resonance (see Fig.
3-4),

L e o
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Flg 3-4, Excitativn ond response thue iistories of sweeping sinusoldal inputs.

Exact muthemuatical solutions [34-36] of the response of u linear SDF system
to a sinusoidal vibration whose frequency fs varying are complcated and depen-
dent on several variables, such us sweep rate, dumping, nutural frequency, sweep
method, and direction of sweep, As u good approximation it was found [37]
that the percentage of maximum stendy state response is dependent on a single
puratmeter which combines dumping, resonant frequency, and the time rate of
chunge of the excitation frequency, as the excitution passes through the 1isonum
frequency, The fraction of stendy stute response vs this sweep puranter Is
shown in Fig, 3-5. In terms of the swoep patameter 1, the fraction ol steady
state response G {s approximated by

G =1 - cxp (—»2.8617“"“’), (3-4)
where ﬂ
4
2
n= 91 il = l—'{;-l- (sweop purameter) 3-5)
h 8 :
(£ = absolute value of time rate of change
of frequency at resonant frequency J),
B = half-power bandwidth,
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g, 3-5, Fractlon of steady state rosponse attalned by a
mechanical vseillator as a function of sweep parameter 5
(from Ret. 37),

With a sweep parameter of one, the rosponse obtained in u sweep test will be
approximately 95 pereent of the value which could be obtained in a dwell at the
resonunt {requency.

tn addition to the effeet on response amplitude, the sweep rate has an effoct
on the frequency of peak response. With un increasing excitution trequency the
peuk response will oceur at u frequeney greater thun the rosonunt frequency.
With decreasing excitation frequency the peak will occur at a frequency less than
the resonant frequency, The amount of shift, like the amplitude of response, is
depondent on sweop rate, damping, ete. This eftect is fllustrated in Fig. 3-6,
which shows a series of response curves nt various sweep rates for both de-
creasing and increasing excitation froquency |34].

Effect of Sweep Method. Depending on the purpose of the test, ono may
wish 1o control the number of eyeles or tne time nt high amplification. For
example, simulation of trunsients may require an equul number of cycles, since
natural modes with equal demping witl decay In un equal nuniber of cycles.
Similacly, a fatigue life-tost would dictate an equal number of cycles at euch
resonince. However, fur o service life-test equal time at high umplification may
be more desirable. The appropriate sweop method will be different for cach
requirement, and may be deteumined as putlined in the following paragraphs.

Sweep Method to Produce Equal Number of Cyelrs at Fach Resonance. For
a system excited by swept frequency, the number of cyeles at any resonance
with peak fevels equal (o o greater than a given fraction K of steady slute
response (see Fig. 3-4) can be approximated by

-
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Fig 3-6. Rosonance onvelopes of an SDIF systom subjected to
sinusoidul swoep (Q = 10) for varlous values of swesp parumeter n
(from Ref. 34): (u) increusing froquency and (b) decreusing frequency,
Reprinted from “Vibrations During Acceleration Through u Criticul
Speud,” by .M. Lewis, T¥ans. ASME 76, pp. 253-261; copyright 1932
by the American Soclety ot Mochanieal Engineers, Usud by permissian,
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Ok =1

B ——————a

! n

where the subscript ¢ refers to the fth resonance. Substituting for n from Eq.
(3-5) results in

v VK -1

Ny = m—pee—, 36
! Qi @5)
For an oqual number of cycles au cach rosonance of a specimen, it is evident
from Eq. (3-6) that the sweep rate must be inversely proportional to the
amplification fuctor and proportional to ihe square of tue {requency. That Is,

2

v
e = .

1

A relationship between Q; and f; would allow formulation of a proportion-
ality between sweep rate and sweep froquency. There are two types of damping,
aystem and materlal, which must be considered in searching for u relationship.
System damping includes the damping that oceurs in (1) interfaces, juints, and
fastencrs, (2) electromechanical systems where cnergy s dissipated because of
interaction between electrical or electromagnetic phenomena and physical
bodies, and (2) hydrotechanical and acoustic systems where energy is dissipated
through fluid flow. Material damping, conversely, involves the energy which is
dissipated within the body of the structurai materlal. System dumping. even
though it can be an important mechanism in the total energy dissipated by a
specimen, does not lend itself to mathematical treatment and is therefore not
discussed here. Material damping, on the other hand, has received considerable
mathematical treatment with results that have important significance for vibra-
tion testing. Lazan |3%] shows that the umplification of a natural mode of a
specimen is related to the total strain cnergy W, and encrgy dissipated Dy in the
mode by

)

Q=D.,

The strain energy is proportional to the square of the stress, which, in tum, is
proportional to the vibration response (e.g., deflection veloeity, or acceleration),
The spedific damping energy is related to the stress by

D = Jo",




62 SELECTION AND PERFORMANCE Ol VIBRATION TESTS

where J is a material constant. This relationship is upproximated from damping
vs stress data gathered from a variety of materials as illustruted in Fig. 3-7, For
viscoelastic materials 71 3 2. For many structural materials, however, n # 2 and
hus representative values of n = 2.4 in the low-lo-intermediate stress reglons
(stress levels less thun 80 percent of the endurance limit) and # = 8:in the high
stress reglons. The total damping energy Do is related to the spociflc dumping
energy D by factors which account for specimen geomotry and stress distribu-
tion. The equation for Qs therefore restatad as

0 = K (response level) 2%, (3-7)
where K s 4 constant only for a given materal, specimen geometry, and stress
distribution. Consequently its value will vary widely for different nutural modes
of u specimen, Therefore, for most systems, there is no valid relationship
between Q and natural frequency, and the sweep rute proportionality cannot be
reduced to a function involving sweep frequency alone,

There are, however, certain special cuses where Eq, (3-7) is useful for definliy
u sweep method, For viscoelastic materials n = 2 and, from Eq. (3-7), Q is
independent ot response level. In this sltuntion (n = 2), the constant K is
independent of specimen geometry and stress distribution and s a function of
materlal alone. Therefore, i the damping is dissipated in the same materla) for
all modes, Q Is a constant, and a sweep rate proportional to the square of the
sweep frequency will produce an equal number of cycles in all resonances of the

spechmen.
TYPICAL ///
VISCOELASTIC g/
ADHESIVE !
IN SHEAR -
LARGE
a PLASTIC
g STRAIN /
é DAMPING
< /
a
L
l-_l: P
i
B
0.1~
BAND FOR VARIETY OF
STRUCTURAL MATERIALS
0.01}= (NOT SELECTED FOR HIGH
DAMPINTG)
0.06 0.1 02 0304056 07 10 15 20

PERCENT OF ENDURANCE LIMIT

Fig. 3-7. Duamping stress relationships (rom Ref, 38). From
Structural Damping, papers presented at a colloquium at the
ASME annugl meeting in Atlantic City, N.J., December 1959;
copyright 1959 by the American Society of Mechunical Engineers,
Used by permission.




PP eniayy

SIMULATION CHARACTERISTICS OF TLST METHODS 63

Sweep Method to Produce Equul Time at Each Resonance. The Hime spent in
any fiequency band is equal to the number of cycles of oscillation that occurred
while In the band divided by the center frequency of the band, and therefors
from Eq. (3-6)

agy < VIR T
T @

For equal time ut cach of the fth resonances, therefere, the sweep rate must
be proportional to frequency and inversely proportional to amplification fuctor:

If‘lo:ﬁ-
¢

For viscoelastle damping of a specimen of uniform materlal, @ is constant und
the sweep rute Is proportional to sweep frequency.

Chatacteristics of Linear and Logorithmic Sweep Methods. Thero are two
stundatd sweep methods, lnear und logarithmic. In the linear sweep the time
rate of change of frequency Is constunt, This constant 4 s called the linear sweep

rate with units of Hz/sec. In the logarithmic sweep the excitution frequency is -

varied at o rate proportional to ftself. Hence,

U:I o fﬂ_ln? .
60
where 3 is the logarithmic sweep rate in octaves/min,
Substitution of these terms for | £ Into Egs. (3-0) and (3-8) provides the
following relationships for the number of' eycles and time spent at cuch
resanance:;

Yokl

NLinear =_—Q",,__"' ! (39
L1
"l

Tiinew = -_——éh—-——— ’ (3-10)
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A
604, ]/F -1

N ogarithmic "*"——"é-b—h-]-é—“-—, (3-11)

60 ]/-1— ~1. 3
K2 ! : X
(3-12)

rl..ug,urnhmic = Q‘ﬂ_\ﬁ 3 )

“The time required to swoep between a lower and upper froquency Hmit ina
linear sweep In seconds, is

yOPY Nt L U { (3-13)

The time required to sweep between two frequencies in a logurithmic sweep,
In seconds, Is

_ s (h |
Li=gma <f,)‘ 3-14)

Diagnostic Uses of Sweep Tests. A conmmon use of the sinusoldal sweep is the
determination of test {tem dynamic properties and the effect of excitation
frequency upon pecformance chargeteristics. Resonant frequencies can be deter
mined by monitoring the responses of the item as it Is excited by sinusoidal
acceleration with slowly varying trequencies. Functional performance of oper-
ating equpment can be monitored during the sweep to dstermine critical fre-
quencies where performance is degraded, It s Important in these tesis that the
sweep rate b2 slow enough e wpproximate steady state conditions: as discussed
oatlier, the wmplitude of response and the frequency of peak amplification vrc
dependent on sweep rate.

Transmic ibilities und peak amplification factors are properties which can also
be determined in a sweep tesr (The more general case of maodal testing, where
detailed dynamile properties such as mode shapes are determined, is discussed on
page 68.) The transmissibility is deflned as the ratio of u steady state
response parameter to a steady state excitation paramwter, such as the aceelers
tion response of a part of @ specimen divided by the acceleration excitation of
the specimen. Conversely, the peak amplification factor @ Is a measure of the
demping in a particular mode of vibration and s reluted to the sharpness of the
resonant peaks in the transmissibility curves, The value of () cannot always be
determined from the peak value of the trunsmissibllity curve as 1t is often
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incorrectly done. (In certain speclul cases where the test item may be considered
un SDF system the Q may be equal to the peak transmissibility,)

. The following example illustrates the difference between @ and trans
missibility. Consider a structurally damped two-degree-of-freedom systemas
shown in Fig, 3-8. The structural coefficient for this systein is Q.05, u value
equivalent to 4 Q'of 20. The motion transinissibilities between the masses and -
the foundation are shown In Fig. 39, The peak values of the transmissibilities in
the two natural modes vary depending on coordinate even though the damping in
each mode is equivalent to a @ of 20, The @'s cun be determined, however, from
the relutionship between the half-power bundwidth, natural frequency, und Q
from Eq. (3-3):

_hn
=73

The wccuraey of this computation for a particular mode depends not only on
instrumentation accuracy and curve resolution, but also on the participution of
modes of other natural frequencies. If there are (wo close natural frequencies,
each natural mode may significantly participate in the response at both fre-
guencies. In other words there will be interference and the shape of the
resonance curve will include the response motion of more than one mode; thus
the computation of the half-power bandwidth will be in error, This {s illustrated
{n Fig. 3-10, a hypothetical transmissibility curve showing two resonances close
in {requency, The dotted lines indicate the shape the resonence curve would
have 11’ there had been no interference. The error in bandwidth is noted by the
difference in widths measured between the solid and the dotted lines. There will
alwiys be some interference in the resonance peak from participation of other
modes, regardless of the separation in natural {requencies. However, the Inter-
ference will have less effect on high resonant peaks than it will for low resonant
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ig. 3-8, T'wo-degree-oi-treadom model.
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Fig. 3-10. Two close resonances [llustrating error I deter-
lning peak umplification from measuroment of huli-power
bandwidth,

peaks and, therefore, when there Is a choice of transmissibllities from varfous
locations It Is best to measure the bandwidth of the highest peak deseribing the
resonanee.

Resonance Dwell

In the resonance dwell the test item s excited with constant sinusoldal
motion at a series of Ixed frequencies corresponding to the resonant frequencies
of the lest Hem, The test is deslgned to stmulate the futigue effects ot a vibration
enviromnent based on the assumption that futigue damage is primuarily the result
of resonant response. This assumption may be warranted. but the test Is ditticult
w relate to serviee conditions which have random loading histories. The difti-
culty s In the determination of test conditions, level, and durglion that will
simulate the service fatigue effects, It ds, essentially, a problem of determining
an equivalence between sinusoldal and random vibration. Mathematical studies
of this equivalence, which are consldered fn a later section, and experimental
studles [39-41] show o wide varlation in results, suggesting that an equivalence
does not exist exceept for a few speclal cases.

The specitication tor u dwell test should include (1) a detinition of the
resonant frequencies or a speclfication of how they are to be determined, (2) the
level of excitation, und (3) the duration of each dwell. :

The number of frequencies tested is usually less than the number of resonant
frequencies the item possesses within the frequency runge of the test. This is
allowed to enable & minimom durabon for each resonance tested within
maximun total test time. The determination of these test frequencies ls the

P
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critical fuctor in dwell testing. For an adequate test the frequencies selected
must correspond Lo the resonances where futigue Hailure Is most probable in the
service environment. To secomplish this the item must recelve prior testing and

nulysts to determine the significant resonances, The significunce of the reso-

nanees can only be determined by u Knowledge of the stresses that oceur in euch
resopunce, Many military environmentul test ‘spocifications suggast thut the
sgnificanee of u resonance can be determined by the level of the transmissl:
bllities mousured 111 a resonsnee search, They recommend that resonances with
peak transmissibilitles greater thun two be chosen for dwell frequencies, How-
ever, since the peuk levels of the trunsmissibility data ure dependent on the
location of the accelerometers, this method can result In the scloction of
insignificant resonunces and, more important, the significunt resonances may go
undeteeted, For exomiple, consider the trunsimissibilitiey of the two-degice-of-
freedom system shown in Fig, 3-8, An accelerometer pluced un the Jurger mass
would measure a peak (ransmissibility of less than two at the sscund resonunt
frequency of the system (see Fig. 39). This resonance, which happens to
produce higlt stresses In the springs betweon the masses, would not be chosen for
resonance dwell according to the ubove criteria,

Modal Testing

Modal tests, conmonly referred 1o n the literature as resonunce tosting, ure
carried oul to detennine experimentally the dynamic paramoters of a tost item,
These measurable parameters are (1) natural frequencies, (2) principal mode
shapes, and (3) nondimenstonal damping factors, A simplifled type of modal test
Is the resonance search test which is carrled out to determine resonant fre-
quencies ol the test item priot to the resonunce dwell test, This section discusses
methods for determining mode shapes and dumping coefticlents which require
more complicuted test procedures, instrumentation, and data reduction and
evaluation, The theory of resonance testing is well documented in pupers by
Kennedy and Pancu {42] and Bishop und Gladwell [43], which are summarized
in the following discussion,

The foundation of normul mode theory s that g stucture, when vibrating
freely or when torced, has a total motion which Iy a sum of the motions of
individual normal modes. The properties of normal modes ure

1. Baeh normal mode responds to a applied foree as a single-degrec-ol-
freedom system Le., there Is no coupling between normal modes,

2. 1o a notmal mode, each point of the system wacillates about ity equilib-
rivm positfon along 4 certain ling in space, fixed relutive o the equilibrivm
position and straight when the oselllntions are small enough so thut all angles are
equal to thelr sines.

3. In the case of simple harmonic vibration I a normal mode, ol points
move either exactly in or exactly out of phase with cach other, That is, all points
reach maximum departures from thelr equilibrium positions al the sune instants,
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4. The shape of each normal mode ts fixed for u given system und 1s indepen-
dent of the magnitude, frequency, or lucation and direction In space of the
applied external forces or of the deflections in other normal modes present, That
s, in any given normal mode, the rutlos of the deflections at ull the pointsof a
structure to the deflection ut an arbitrary referonce point ure always constunt,
and the directions of these deflections are fixed in space, These relutive magnis
tudos und directions In space .are characteristic of the normal mode, and their
specification for cvery point in the structure will be referred to as the descrips
tion of the “shape” of that mode,

The properties of normal modes hold rigorously only for proportional
dumping, where the dumping matrix is proportional to the stiffness or inertia
matrices, or for zers damping. Damping, which is always present in actual
systems, may or may not _be proportional, For the mathemautios to be tractable,
however, the assumption of proportionai damping is required. Because the
dumping forces are small in ;ctuul systems the orrors in this assumption are not
groat. Some experimontal methods described by Bishop and Gladwell do not
require the assumption of proportionul damping, and the reader Is referrod
to their paper for descriptions of these methods,

Becuuse the shape of each mode is fixed it Is possible to deseribe the motion
ol each mode by 4 single coerdinate q,, which is culled the normal coordinate,
The physical coordinates of the system aro related to the narmal coordinates by
the linear transformatlon

U[ (U = ﬁ ¢[n (I" (”;
n=1

where g, represents the umplitude of the ith coordinste when the system is
vibrating in a single mode of frequency w,,. The array of N elements ¢, Is the
mode shape for the nth mode.

The equation of motion fur the coordinate of a normal mode has the sume
form as the equation for an SDF system

Ay + 28, Wy t ""’: dy = F()

where ¢, is the damping factor for the ath mode and w, is the natural
frequency. '

The problem in resonunce testing is to determine the mode shapes gyy. the
damping factors §,, and the natural froquencles cw, from the measurible
quantity Uj(1), the displacements of the system. Bishop und Gladwell discuss
three separate tochniques for resonance testing: (1) the peak-umplitude method,
(2) the Kennedy and Pancu method, und (3) methods involving pure-mode
excitation.
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In the peak-amplitude method the structure Is excited harmonically and the
amplitudes at vurious points are measured. Total amplitude is plotted ngainst
excitation frequency for the varlous locatlons, The natural frequencies are

identified as the values of w at which the peaks are attained, The dumping

factors are determined by measuring the sharpness of the pegk about the natural
frequencies, This measurement requires the nssumption that the peaks are solely
the result of responses in a single normal mode; us discussed on pugo 65 und
illustrated fn Fig, 3-10, The shapes of the principal modes are caloulated from-
the ratios of the amplitudes at various points when the structure is being excited
at & natural frequenoy. Accurate mode shapes are difficult to obtain and there
are soveral reusons for this. The primary reuson Is that the response amplitudes
at u natural frequency of u harmonicully excited structure are composed of
components of several natural modes. Whereas the damping fuctor is culculated
from one peak about which there is some uncertainty, the mode shape is calculated
from the ratios of a number of peaks about euch of which there Is uncertainty.
This meuans that {f' an error is made in estimating the contribution to any peak
from the resonant mode, the error in the mode shape Is likely to be many times
greater than that In the dumping fuotor. There I8 also a pructical difficulty in
the determination of mode shapes due to problems of malntaining & constant
excitation force near u natural frequency of u structure,

The method of Kennedy und Puncu differs from the peak-umplitude method
in its approach to the measurement of the damping fuctors und mode shupes,

Instead of measuring just the amplitude of the vibration, the amplitude and
phase ure measured. The major cuuse of Inaccuracy in the estimation of the

damping fuctors and mode shapes in the peak-umplitude method ts the presence
near the resonant frequencles of unknown amounts of vibration in the off-
resonant modes, Kennedy and Pancu make use of the phase relationship proper
ties of normal modes to oxtract from the total vibration the vibration of a single
normal mode. lhelr method involves considerably more data roduction and
evaluation and more care in the control of the oxcitation forces than the
peak-amplitude methud, The accuracy of the results however, is considerably
greater than those obtained In the peak-muplitude methuod,

The third technique for obtulnlng the dynamic properties of a structure {s
terined pure-mode excitation, The difficulty In Interpreting response amplitude
data when the vibration is composed of several modes can be eliminated if the
structure can be mado to vibrate in a single normal mode at a time. To get the
system to vibrate in a single mode requires a forcing function which is decoupled
from ol other maodes except the one in question. This can be nccomplished only
if the distribution of the force has the same shape as the niude being detormined
(le., the forcing function must be orthogonal to all other modes), Since it s
precisely this shape which is being determined, the experimental difficulty Is
apparent, Systematic iteration procedures involving multiple excitation ure re-
quired. Two such procedures, reviewed by Bishop and Gladwell, are (1) the
method of Lewis and Wrlsley, and (2) the methods of Traill-Nash and Asher,

. e . B
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Both of these methods require multiple excitation and considerable duta process-
ing and evaluation. The reader is referred to the roference material for descrip-
tiois of these methods,

3.3 Rundom Test Methods

The advisability of using random vibration to simulate fleld environments was
first suggested fn the 1950 {44]. Sinco that time {14 use has become increasing

ly popular, so that today muost vibration laboratories have capabilitles for

producing broadband random motlon, The increusing use of random vibration
was brought about by the fact thut most of the vibration encountered by
militury equipment {s random In thme rather than perodic und has u trequency
spectrum which is continuous rather than diserete, and by the realization that, in
general, §t is not possible to simulate one type of vibration by another, Lo, the
simulation of random with fixed or varying trequency sinusolds,

In random testing the excitation waveform has a normal ot Gaussian instan-
tuneous amplitude distribution. The test amplitude und frequency are described
by the acceleratfon spectral density vs frequency, or simply the spectral density
curve, The standard rundom vibration test is brosdbund, usually 20 to 2000 Hz,
with relatively conotant spectral density. In coses where the onvironment is more
completely defined, the spectral density may vary significantly with trequency.

Characteristics of Random Vibration

A random time function consisis of a continuous distribution of sine waves at
il frequencies, the amplitudos und phase angles of which vary in an unprodict-
able (random) manner us a function of time.

Such u funetion may be visuslized as follows: Consider an oscillator which

generates u sinusoid
E(1) = s(sin [wt + (D).

The amplitude s(r) and tho phase angle o(t) buth vary with tme in 4 random
fashion. It the outputs of u numboer of such oscillators with different frequencies
w are added togother, something close to o random tunction us defined above is
obtained. In the limit as the number of vseillutors approaches infinity so that
there iv essentially zero frequency difference between adjolning osclfiators, then
a random function with a continuous spectrum s formed.

The mean square value of the random function is

,
g =% f [E()? dr = o?. (3-15)
0

The rms value g is the square root of the meun square (m.s.) value,
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Two other statistical parnmeters used in describing rundom functions are the
probabllity density function and probubility distribution function,

The probability density function p(&/0), illustrated in Fig. 3-11, defined the
probability (or fraction of time, on the average) that the magnitude of the

quantity £(f) will lie between two valuws, 1t 1s customary to normuiize the curve-

by plotting the magnitude divided by the rms value o us the ubscissa. Then the
probability that the magnitude lies between E/o and (§ + d¥)/v is cquul to p(t/a)
d(k/o), Le., the shaded arca shown In Fig. 3-11, Since it {s certain, with
probubility 1,0, that the function £(t) les between plus and iminus infinity, the
area under the entire curve 1s unity.

The probability distribution function (or cumulative distribution function)
P(t]o»),* definesthe probubllity thut the magnitude of £/o will exceed a certuin
value

A comparison of the identifying characteristivs of the probubility densitivs
and distributions for the Instuntuneous values of u sinusoidul function and the
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Fig, 3-11, Normalized probubility density functions--(A) Guusstan or normal
distribution and SB) Distrlbution of instantancous values of a sine wave, Curve
(A) murked X 10°° indicutes hundredfold expuansion of the ordinnte scale, rom
Shock and Vibration Handbook, val, 2, Vig. 22.7, po 22-7; copyright 1961 by
McGraw-Hill Book Company, Inc, Used by permission,

*The probability that /o is “greater thun" is written Pt/ #); conversely, the probability
that £/o 1s “less than™ Is writton P(k/a <€), Pkfa <) = | - P(k[a »).
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particular case of Gaussian 1andom nolse is shown in Figs, 3-11, 3-12, and 3-13.
Gausslan nolse is a random function whose instantuneous value is defined by the
Gausstan or normal probability density function given by

Pty = —- e~ /2?), (3-16) “

=T

where o s the rms value, and is shown by curve (A) of Fig, 3-11. The probability
density function of the instantaneous value of a sinusold Is shown by curve (B)
of Fig. 3-11 und is defined by

PO = (317)

12— (o)

The density functlions of Eqgs. (3-16) and (3-17) are symmetrical about a mean
assumed to be zero: then tho probability that ¢ exceeds u glven absolute value
(or magnitude) 1& lis twice the probability thut it exceods the same absolute
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Fig, 3-12, Protubility distribution functions — multiply ordinate scale by fuctors
marked adjacent to curves for lurge absclssa vulues - (A) Instuntancous values of
broudband und nurrowband random varlution ~ Guussian distribution, () Peaks
of broudbund mndom vibration, (C) Peuks of nurrowband random vibration -
Rayleigh distribution, (D) Instuntancous values of a sine wave, and (E) Peuk
valuos of 4 sine wave. From Shock and Vibration Handbook , vol. 2, Fig. 22.9,
P 22-9; copyright 1961 by McGraw-Hill Book Company, Inc. Usad by permission,
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MueGraw-1ill Boof, Company, Ine. Used by permission,

value {n either the positive or negatlve sense, Therefore, it is convenjent to plot
the probability distribution function in terms of the uhsolute value of & ie.,
P(Efu=2), as shown in Fig, 3-12,

The probubility distribution lunctivng for the Gaussian and sinusoldal fune-
tions are ubtained by integrating Lgs, (3-10) und (3-17).

9 ! 2
Caussfan: P(lElfo o2y = = f ¢ (/20%) d (&), (3-18)

Stnusoldal: PO o 2) = 2 cos™! —j‘_— (3-19)
w uy?2

The relations of these equations ure plotied as curves (A) und (B) in Flg. 3-12.

Wihen the peuk values or maximg of a function are considered, the two
stutlstien] tunctions differ from those fuund for the instantaneous values, For a
sine wave, all muxhia are of equal magnitude und the probabitity density fune-
tion P(§/0) becomes a Dirae delta function, us shown by curve (B) of Fig, 3-13,
Foar brondband Gausstan nolse, L.e., holse with nonzero ampittude over u Ire-
quency bund which s not small compared to the average or center Irequency of
the bund, the distribution of paak values fs also normal, as shown by curve (B) of
Flg. 3-12. However, fur ntowband Gausslun nolse. Le., nolse with negligible
amplitude except in a frequency bandwidth which is smadl compared to the
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center Trequency. the distributlon ol peak values tends toward the Rayleigh
distubution, The proballity density and distribution functions for the Rayleigh
distibunon we defined below,

_ : , 202
Probability Density.— p (1, Ho) = ( Igp Hoye 120 . (3-20)

: pd 2 )
Probability Distributlon. - PC1E o) = ¢ kplie” (3:21)

The relations glven by these equations are shown graphically by curve (A) of Fig,
3413 and cuive () of Fig. 312, respectively. These flgures show that the probabil-
ity density and probability disttioution curves for sinusoidal und random fune-
tions differ considerably, thus providing identifying characteristies for each type
of Tunction, When the time history E(7) consists of sinusoidal and rundom fune-
thons, the <hape of the probubility density and distributdon curves depends on
the relative magnitude of cach type of Tunction,

Cower spectral density® iy defined as the lntling value of the mean square
respuise [F—l 2ol an ideal handpiass fllter” 1o E(0), divided by the bandwidth B
ot the tilter, as the bandwidth of the filter approaches zero.

Ancalternative detinition is as tollows, U the function () is passed thiough
i tdeal Bowpase filtert swith cutotl frequeney S the mean squane tesponse of
the filter JE)* will increase on decrease as £, is increased o decreased, f.e., mure
o dess of the function will be passed by the Filter Gassuming £ is vinded ina
freguency vange where the power spectial density is nonzero), The power spec
tial density WU is the rate of change of [E'1* with tespect to £ e

d
) U NE ERN
oo R (

Frg, 2 T lostrates o plot ob poser spectial density as afunction of Tregneney
obtained, T example, Tront spectial imalysis of & andom function, The mean

Fower spectial densety s debined by g cR2200 Fas a penene o ased eandieis of Jhe
physical quantity 1epresented by the bme listory However b prefenble tondheate the
physical quantity nnvohed. For example, use the feam mean square aoceleration densin
when the fime history ot acceleration i o be desenbed
Fan weal bandpass filter has o tansmission characterstie which s rectungubi i shape so
tHat ol Yrequency compoients within the tilter bandsadith e passed with unity gain and
zera phase distoibon. swhile lrequeney components outside the bandsidth e completely
removed. I the transtsslon chatactenstio w7 imstead ol uiity m the bandwadth 1§, the
seectial desaty s oblamed by dading the sean square tesponse by B x f72 mstead of 5,

Fan igeat Fovspass Alter s dead bandpass flter laving o lewer vatoft iiequency of 7 s,
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square vaiue or varfuhce of the frequency content ol E(7) between the frequen-
cies f,, and £, is equal to the shaded area of Fig. 3-14tie.,

B ' : Iy ’ o
ot (f, SF K[ = f W) dr. o (323)

Ja

When a sample of time history of finite durution is employed to compute the
power spectrul density of a rundom funetion, it s assumed that (1) the function
Is ergodie, Le. that averagiig one time history with respect (o time ylelds the
same results us uveruging over an ensemble of tine histories at a given instant of
tine, and (2) that the tunetion Is stationary, Le,, that the power spectiul density
is Independent of the sample of the time history chosen. Further, the uveraging
time or sumple duration mu.t be long enough to yleld a statlstically significant
value, Thus, the mean square value obtained should not vary appreciubly with u
chunge in averaging time, The time over which a vibration record may be con-
sidered a statlonary process and the need for o sufficiently long averaging time
often are conflicting requireiments.

Response of Mechanical Systems to Random Vibration

The following materhul is confined to steady state responses of ideallzed linear
mechanieal systems. Further, only random functions which have a Gaussian or
normal distribution will be discussed. Almost all analyses to date huve been
made on this assumption, since (1) the analysis then becontes tractable, and (2)
most physical processes including laboratory tests follow the Guusstan distribu-
tion,

Computation ol the vesponse ol this ideatized system can be brietly described
as follows. The excitation forces (or motions) acting on the system are assumed

J
] —
@
L=
jvu]
o >
Rt
A r(
s '
Q .
Loea
fy fo f fa
FREQUENCY

Fig. 3-14, Typical power speetral density plot of broadband random function,
Mean syuure value of frequency content of function between f; and fp; Is equu)
to shaded area.  From Shock and Vibration Handbhook, vol, 2, Flg, 22,10,
P 22-160 copyright 1961 by McGraw-Hill Book Company, Inc, Used by
permission,
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to be known in terms of a power spectral density f{w). If the response of the
system to harmonle excitation as a function of excitation frequency Is com-

-puted, i.2,, [requericy response function Hfw), the response tu the xandom lum

tlon-Is obtained us follows [45):

8(w) =f(w) IHw) 1?, S @By

where g(w) is the respunée spectral density.

The meun squure response RTn uny desited frequency band Is equal to the
integral of the response spectral density between the frequency limits of ‘the -

band, .., the areu under the respunse spectral density curve;

0

It is worthwhile to spend some time examining the charucteristics of the '

response. This is easily carried out using the SDF system shown in Fig, 3.1,

The base acceleration of this system S(¢) Is defined by a unitorm acceleration
spectral density W in units of g® [Mz. The ubsolutc value of frequency response
function [H(w)l, which relates the relative ucceleration response ¥(2) to the
input acceleration 8(1), Is equal to the amplification factor H described in Eq.
3-2. Substitution of these values into Eq. (3-24) results in

W
T = ol + 2wl

glw) = WH?

where g(w) is the response ucceleration spectral density for a white noise base

excitation of level W. This function Is illustrated in Fig. 3-15. Note that the

response Is concentrated in 4 narrow requency band centered about the natural
frequency w,. The mean square response of ¥(r) can be detcrmined from Eq.
(3-28) as follows:

¥ = ng(w)dw = Jm w-;dw -+ (3-26)
b D[ - ] + @l

By assuming ¢ << 1, integration can be performed resulting in '

g TP (327)
2

R* = f g (Wydw = f S(w) HH (W) P dw. (3:25)
0 ;

i
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Flg 315, Response spectrul density of an
SDF system excited by white noise,

where Y [s the mean square relative acceleration In units of g* for input
spectral density in units of g?/He,

Terms for the mean square relative veloeity and displacement can also be
determined from Eq. (3-25) by substitution ot the frequency response function
relating the relutive velocity und displucement to the base aceeloration, These
functions are

4, Relative velocity

fw
n = .
W= T ita, e
- * W Q (386)?
2 = |2 = e o -
Y J‘ Wit (w)? dw r T, (3-28)

0

——
where ¥? is the meun square relutive velocity in n.? fsec? for a speciral density
input in g*/Hz,

b. Relutive displucement
H(w) = !




-

SIMULATION CHARACTERISTICS OF TEST METHODS 79

- WQ @G3R
2 _ 4(C22 75]_”_)_3_ ‘ (3-29)

where Y2 Js the mean square relative displacement in square inches for a spectrul
donsity Input In g? /Ha,

Slhce the response spectral density Is conventrated In the reglon of the
naturl frequency, the time history of the response is nurrowband random vibra-
tlon und is similar to u sine wave at thut frequency whose umplitude fluctuates
randomly at 4 rate roughly equal to the frequency band of the resonance. The
fluctuation Is sssoclated with the phenomenon of beats, where the uddition of
two harmonic waves of approximately equul frequency results in a wave with a
frequency equal to the mean of the two frequencies and un uniplitude envelope
thut fluctuates at a frequency equal to the difference of the two frequencies.
The narrowband randum time history is composed of a large number of waves of
nearly equul frequencies with randomly distributed phusos and umplitudes und
thus oscillates at a frequency f,,, with a rundom umplitude cnvelope that fluctu-
ates at a frequency upproximutely equul to the hull-power bandwidth £, /Q. This
type of wuveform is llustruted In Fig, 3-10, :

For linear systems the Instuntancous umplitudes ot the nurrowbund response
huve u Guusstan distribution while the distribution of peak amplitudes follows
the Ruyleigh distribution (see Figs, 3-11 und 3-13),

3.4 Equivslence in Vibration Testing

Instead of simulating u service environment with u test method that resembles
the basic characterstics of that environment, it is sometimes necessary (o sub-
siitute & method which Is different in charucter but equivalent in lts effect on
the test specimen, The substitution muy be required because of equipment, cost,
schedule, or technical limitations. For example, the lack of equalization equip-
ment may require the use of a sinusoldal test instead of a rundom test; time
limitations may require that a test duration be decreased with u corresponding
increuse in excitation level; the inability to detect or decide upon significant
resonances may dictate the use of a sinusoidal sweep rather than a sinusoldal
dwell,

When 4 test is cquivalent to another the two tests should produce equal
effects un the test specimen, That is, the danmge caused by each of the two
methods should be equal, This is usually not possible to accomplish I more than
one effect s to be simultancously simulated, For oxample, it muy be possible to
slmulate the fatigue damage caused by a random environment with v sinusoldul
sweep, but it is unlikely that the sume sinusoidal test can simulate both the
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g, 316, Narrowband random time history,

fatigue und the effects the rundom environment has on functional performance
of the test ltem. Therefore, equivalence between two test methods Implies the
equivalence of the single most dumuging effect of the environment,

The followlng sections contain diseussions of the equivalence between the
three standurd test methods for futigue, resonant rosponse, energy dissipution,
und functional perforimance. In addition, a discussion Is included of the relution-
ship between test time and test level which provides an equivalence between two
lests of the swme type but wi difterent levels and durations,

Structural Fatigue

A large number of vibration failures aro considered to be the result of strue-
tural futigue dumage. 1t Is approprinte, therefore, that equivalences be derlved
+ between the three stundard test methods sinusoidal dwell and sweep, and
broadbund randoni that are hused on producing equal tutipue dumage [46].

There has been much wiitten on fatigue equivalence, with widely varying
* results. Considering that the prediction of fatigue life is, even for well-defined
" ' struetural materials, a probabalistic procedure, the different results are not sur-
prising and are in fuet expeeted. The oxact nature of futigue tallures is not {ully
undestood, and to a lage extent latigue relationships are based on the study of
experimontal results where there is u significant amouns of scatter,

The futigue properties of o materiul ure determined by subjecting specimens
ol that muterial to slternating stress until fullure, Tests nre repeated until enough
data are provided to define a curve of stress vs cycles to Tullure, typleully called
the endurance or ¢-N curve. it shull be assumed that this curve can be described
by tiie Tollowlng equation:

No®? = ¢, (3-30)
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where o s the stress umplitude, N Is the number of cyeles to failure, und b and ¢
are positive muterial constants. The wide scatter in fatigue daty would suggest
that b and ¢ are random varlables. However, in the following sections they uro
assumed constunt.

For constant eyelic loading, such as sinusoldal dwell, Eq. (3-30) cuan be used

directly to predict futigue life, However, for random and sinusoldal sweep, where

the londing is variable, a curmulative damage theory is required to predict fatlguc
life, The tmost widely uséd theory of cumulative damuge s referted toas Miner's
Rule. [47-49] und b expressed us

Pl i

D=3 o (3
where 2 ls the number of cycles at stress a; und M ts the number of cycles to
fufluro at stress o; (from Eq. 3-30), D Is the measure of necumulated damage und
sccording to Miner, failure Is predicted for D > 1, Experimonts have shown that
the value D has a rathor wide seatter depending on the sequential louding his-
tory, Generally, investigators found thal if the stress level was chunged from
high to a lower value the summation of cyele ratios was less thun unity, Con-
versely, o sum greater than one was frequently observed when the stress lovel was
inereased during g test,

Very probably some of the upparent inconsistency in the value of D uchieved
in a given sot of tests is due to inaccuracies in the v-N curves used to perform
the calculations, Recent reviews by Hardtath [50], Rlchards and Mead [51],
and Grover [52], reveal thut no trend Is evident that any estimation procedure is
superior to the linear method,

In the following sections where the equations for futlgue dumage due to
sinusoidal sweep and rundom vibratlon are developed, It Is ussumed that the
majority of dumage is the result of resonunt response. As in curller sectlons the
equations of motlon of an SDF system with viscous damping are used in the
development of the results.,

Fatigue Damage from Resonance Dwell, The resonance dwell test is delined
us constant sinusoidal excitation ut a specimen resonant frequency. The stress o

produced at resonance Is proportional to the excitation lovel Sy und the ampli-
ficution fuctor Q;

0=KSQ§0‘

with K the proportionality constant, The number of cycles to fullure ut this
stress level can be determined from Eq. (3-30) by substitution;

N = cd™ = oK, 0Sg)P.
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Thus, the time to fullure 7, at the resonant trequency f), is

T. = £(K, 0So)®. (3-32)
In

Fatigue Damage due to Sinusoidsl Sweep. In a sinusoidal sweep significantly
~high stress cycles oceur In-frequency bunds centered ubout the resonant fre-

quencles of' the test specimen. As the varylng excitution frequency pusses

" through a vesonance the stress levels Increuse and then dectease with the maxi- .

mum level occurring at the nutural frequency, Each cycle of varying stress must
be nccounted for to evuluate the total fatigue dumage resulting from sweep
gxcitation of the resonance. The stress ut any frequency cun be found from

v = Ky |H(wW) kY8

where 1/7(w) | is u transfer function between response motlon and {input motion,

Substituting in Eq. (3-30) results in

N o= (K, Hw)I8s) .

This relationship is then used in Miner's Rule (Eq. 3-31) which s expressed 1n
Integral form

3 dn,

J- K, 11 (w)18)°

o

where Dy is the dumage coefticlent for sinusoidul sweep,

With a sweep rate slow enough to produce 99 percent steady stute response,
the amplification term ¥f(w)! is approximated in the bundwidth of the re-
sonance by the steady state amplification factor A for a busceexcited SDF
system (Eq. 3-2),

1
Ju -y s @y

H(w) =

where r Is the ratio of excitution frequency to natural frequency fih. This
excitation frequency is related to the sweep rate I/ and time of sweep by

v

[ o= 1f
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Since the majority of damage occurs from stress cycles within a narrow bandwidth
centered ubout the resonant frequency,* the sweep rate can be considered con-
stant and the above relationship s expressed as

df = hdt T

where A Is the linear sweep rate in Hz/sec,
The number of cycles in an Infinitesimal amount of sweep tithe is

dn = fdt.

Thus,

72 rdr
dn = 2
h

Substitution of these relationships into the equation for D results in

D

) ==

I(K: 1 (@)18,) an j-(x,.m(w)l's'o b2 rar
B ch

¢

(333)

@__’_"syo)b j'” rdr
ch [(1=r2) +(2¢n?) 22
ry

The limits of integration r; and r; bracket the half-power bundwidth of the
resonance.
The values of the integral in Eq. (3-33) determined by numericu! solution are

shown in Fig, 3-17. A stmple function can be fitted to these curves to provide an

approximate deseription of the integral

" rdr
'f =L =1 pINT
[(l._ri)z 4.(2;”2]"/2 2 '

which, by subst:tirting In Eq. (3-33), results in

e e e et et e

Damuge sctually results from all stress cyclus, but the ertor In ussuming that all of the
dnmuage oceurs within the hatf-power bandwidth £, /Q s less than 3 percent.
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nfzn (KJ '.S;() Q)b b Nl/\/;-

D, =
y 2ehQ

which is valid for b< 30 and $<0.1.

Since the time to sweep the half-power bandwidth is £, /Qh, the ubove equa-
tlon eun be expressed in terms of time to fullure by _
20N p,

1

Ty = ———p 3.3
AT (34
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Fig, 3-17. Values ol the integral n B, (3-30) vs b for vanous va ves of
amplifization facton.
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Equations (3-34) and (3-32) ure combined to show the sweep duration necessary
for equivalent fatigue between u sinusoidal sweep and o 1esonance dwell;

2[)“'_[,1/'\/11— '

m

‘_ | T, S (339

The 'equlv"ulcnuc will vary secording to the constunt Dy the dumage coeffis

clent for variable loading, and b, the meusure of the slope of the o-N cutve.

Endurance tosts with numerous different types of stress distibution, both
ordered and sundom, show that the vilue D, ranges between 1/5 and 2/3, with o
mujority of the dutu near D, = 1/2 |53, 54].

A review of the lterature of fatlgue and endurance daty reveuls that b I
between 3 and 25, Lunney and Crede {55 und Gertel [56] Indicate that 4 value
of 9 1s representative of the majorlty of the materials.,

Substitution of these limiting und uverage values for the constants results in

0.24 < 7/1, < 283

and, on the average, 7,/7, = 1.1,

Fatigue Dumage due to Random Loading, The futigue damuge of u specimon
subjected to random loading has been exandned by Miles [$7]. His anolysis,
which utilizes Miner's cumulutive damuge hypothesis, results n an equivalent
stress whlch together with the conventional endurance curve cun Le used o
predict the fatigue life of a specimen.

As In the case of sinusoldul sweep excitution, [t Is necessary to asstime that
the futigue damage is the result of resonunt response. The stress wuveform,
therefore, will have the characteristics of narrowband random response as
described in Section 3.3 (p. 79) and illustrated in Fig. 3-10. The probability
density of the pouks of the stress conforms 1o a Rayleigh distribution and from
Eq. (3-20) oun be desenbed by

() ()
Vi (

where
up = values of the peak stress,

o - mean square stress.

From Miner's Rule (Eq. 3-21) the damage hom the sceumulation ol stiess
vycles at random amplitudes ay, s
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b

ag.0n
pi

i Zc "
. .

- where constants b und ¢ aro those of Eq. (3-30),

1t is conveniént to introduce an equivalent stress S, and dofine it as a con-

stant amplitude stress which will produce equal damage as the vuriable stress o, '

after the sume number of total cycles, Thus,

b
S‘. My
D=y <L

[«

The varlubility of the dumage coefficients D, for constunt loading and D, for
random louding, for which fuilure is predicted, arc discussed on page 85, Noting
that for constant cyclic loading the coefficlent Is unity, we combine the above
relationships to give

Sffn, 1 of,,n,—
E ¢ LEZ ¢ !

r

or
\b

b
b Z Upi 1y

I .

5, = (L) —t
¢ D, zn
i
{

With the assumption thut the stross wave is osclllating with completely raversed
loading at the naturad frequency f,, the probable number of cycles of louding
having an amplitude in the range (v, v + du) Is vbtained by multiplying the
totul number of cycles by the Raylelgh distribution density (Eq. 3-36) The
abuve equation therefore reduces o

1/h - bl
S, = (-é-) j‘ all;p(o)d u /f mo)do
r (] /

The evaluation of this integral wus performed by Miles with the fullowing resuly.

U/b

<
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b b\!/2 :
r

where /07 18 the root moan square stress of the nurrowhand response,

For u base-sxcited system subjected tu broadband random acceleration, the
rms stress is, from Eq. (3-27), ' L .

V= koW,

and substituting into Eq. (3:37) results in

' 1/b S oal/2 : 1/2
1 , b
e () (@) e e

This relotionship can then be used in Eq. (3-30) und rearrunged to provide an
expression for the time to faflure under random loading,

e,

Sy K (nyin2 (

T, = (3:38)

", QWb b2
T 2
Random|Simasoidal Dwell Fatigue Equivalence. Equation (3.38) equuted to
the time 1o tallure for a sinusoldal dwell (Eq. 3-32) results in un equivalence in
spectral density level W and sinusoidal excitatlon level Sy, bused on equul futigue

damage;
1/2
nf, Wb
(ab)}/2P <__"_.._.>

Q)
sn = ' (339

()1

The constants D, and b have the values
[18 < D, 2[3, and, on the uverage, D, - 1/2
3 h <25, und, on the average. b -~ 9,

Substitution of these limiting and average values for the constants results in

ot
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‘ S, = A{ "?i*" .

223K <40,

where

and, on the uveruge, K = 2.0

Randinn [Sinusoidal Sweep Fatigue. lqulvulenu' Equutions (3-38) and (3:34)
ure equited to determine un equlvalence in spectrul density und sinusoldal sweep
seceleration Sy, with the counditlon that the tme to sweep the half-power bund.
width ls equ.ll to the rundom test duratlon;

l/h : : 12
8, = (2) 4 uayins (2082)

2eQ (3.40)

or

. f,,l m .
8, = k\=g)

where 100 <K <44, and,on the average, K = .00,

Accelerated Testing, An equivalence which Is Importunt in vibration tosting Is
the relationship between vibration und time. For example, electrontes In alreratt
typically have o five.yem lite requiiement which could consist of thousunds of
hours of 1light vibiation ol varable intensity. 1t is not practical to test equips
ment for these durations, To compress the many hours of fleld environment into
an equivalent test requires u relationship between time and vibraiton lovel

IF it Is assuined that stress 18 proportional 1o excitation level, {tis possible 10
upply Miner's hypothesis for cumulative taligue damuge and thereby aelute
number of cyclos o time ut one excltation to an equivalent excitatlon level for u
tfewer number of cycles. All that is required for this equivalence relationship ls
the slope of the o-N gurve.

Howuever, experimental evidenee reveals that the sssumption of o lineur el
tionship between stiess and exciragtion b an invalld assumption, Stress level
seeiis 1o increase at o decredsing tate with incieusing exchtation fevel, This
phenomenon can be related to the damping popertles of muterials und sirue
tures which tend to increase with stress ot aceeleration lovel,

The amplification factor of 4 specimen, where the damping moechanism 1
defined us matedal damping, can be determined hom by (3-7);

U - K Gesponse level ),

S

-



SIMULATION CHARACTERISTICS OF TEST METHODS 89

where K is a constant for a given material, specimen geometry, und stress distri-
bution. The constant n relates the specific damping energy D of a material to the
stress level in the material (see Section 3.2, Effect of Sweep Methods). The value
of n is dependent on the stress level in the part. For stress levels below 80
percent of the endurance limit of the material, 11 is 2.4; for stress levels greater
) than 80 percent of the endurance himit, n is 8. For viscoelastic dumping n is 2
< and @ is independent of excitation level.
? It should be noted that the following equations ave developed on the basis
that the slope of the o-V cuwve is constant from zero cycles to an infinite
number of cycles. However, because of yielding and because of the existence of
an endurance strength, the o-V curve for most materials {s horizontal in the low
cycle region (V < 10%) and {n the high cycle region (N > § X 10%). The
simplification of a constant slope permits a description of the exaggeration
factor by a single equation but makes small inputs appeuar more damaging than
they are. The use of exaggeration fuctors for items exposed to environments
which create stresses below the endurance Hmit will therefore result in conserva-
tive tests. In additlon, the reader should also be cautioned that there is a prac-
tical limitation to the amount of exaggeration, i.e., the increase in test level,
which can be used. For example, it makes little sense to attempt to compressa
test In time such that the incicase In level will exceed the yield or ultimate
strength of the material. A sufe approach would be to limit the exaggeration of
test level to not exceed the ratio of ultimate strength to endurance strength of
the material in question (a value of 2 for many structural materials).
Exaggeration Factor for Sinusofdal Tests. In sinusolda) vests the stress level at
a resonant frequency of a specimen can be defined by

v = K, @S,

where K is a proportionality constant and S is the excitation level. Combining
with Eq. (3-30) results in

9 NK, QS)b = ¢,
and from Eq. (3-7),

Q = K(Q$)*".
Thus,

NSHUD = eonstant |

which is the equation for the curve of excitation level vs cycles to failure.
) Substitution of T, time to failure, which is proportional to the number of cycles

N

— e e
e e e el
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divided by the natural frequency, results in the following relationship between
excitation level and time to failure for two equivalent sinusoidal tests;

h(n-1) .
5 _n (3-41)
S2 Tl

where the subscripts 1 and 2 denote test condition numbet. The value b ranges
between 3 und 25 with a representative value of 9 for many structural materials,
The value of n, as just discussed, ranges from 2 to 8 depending on materlal and
stress level. The exaggeration factor can, therefore, have a widely different value
depending on material and stress region.

A popular exuggeration factor [56] for use In testing complex clectronic
equipment Is based on a stress-damping exponent of n = 2.4 and an endurance
curve constant of b = 9, which results in

2 Ty

('S. “

This function, which Is shown in Fig. 3-18, appears to result in either conserva.
tive or nonconservative test conditions depending on the stress ranges for the
equipment in its service environments. The use of the value n = 2.4 is for
stresses below the endurance limit and the use of the value b = 9 is for stresses
between the endurance limit and the yield strength. They are thus contradicting

10
57 \‘
=¥ ———|
%’: 1 i ——
<&
Eo

(&}
-

x

W

17!
104 103 102 10! L 10

TEST DURATION FACTOR, T,/T,
Fig. 3-18, Test oxaggeration curve based on Eq. (3-41) for sinusoidal
vibration with n = 2.4 and b = 9 (from Ref. 56). From Shock and Vibra-
tion Handbook , vol. 2, Fig. 24.26, p. 24-24; copyright 1961 by McGraw-
Hill Book Company, Inc. Used by permission.
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and the use of this factor will be conservative for Sy below the endurance limit
and nonconservative for S, between the endurance and yield strengths.

Exaggeration Factor for Random Test. The stress level at a resonant fre-
quency of a specimen is defined as

o= K{om'"?,

where W ls the excitation spectral density. Combining with Eqs. (3-7) and (3-30)
results in

Q - K(f" Q w)(2‘")/2 \
and
NwbIh o constant,

which Is the equation for the curve of excitation level vs cycles to failure.
Therefore, the exaggeration factor for random testing ls

b/n
Wiy T (3-42)
W, Tl

Note that the exponent here is different than for sinusoidal testing and there-
fore, for the same specimen, different exaggeration factors are required for
random and sinusoldal testing except whenn = 2, i.e., for viscoelastic damping.

Resonant Response

The simplest equivalences between sinusoidal and random vibration are based
on equating the resonant response amplitude of an SDF system. For sinusoidal
excitation the relative acceleration response et the natural frequency of the SDF
system shown in Fig. 3-1 is

V=08,

where ¥ und 8, are the peak response and excitation levels, respectively, and Q is
the peak amplification factor, From Eq. (3-27) the mean square acceleration
response for broadband random vibration is

}-ﬂ TQf, W
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where W Is the broadbund acceleration spectral density. The waveform of the
response is narrowband random with a Guussian distribution of instantaneous
umplitudes and u Rayleigh distribution of peak umplitudes.

Noting that the mean square value of a sinusold is one-half of the squared
peak value, the wbove relationships are combined w form an equivalence be-
tween a brondband random level and a peak sinusoidul level that will produce
equal mean square responses:

W= . (3-43)

Another common equivalence is formed by equating peak response ampli-
tudes. Theoretlcally, from the equation for the Rayleigh distribution, the peuks
of the rundom response can have Infinite values, It is common practice in
lnboratory tests, however, to limlt the peuks of the Guussian distributed ¢ xeita-
tlon signal to three times the root mean square value (this Includes 98.9 percent
of all the peuks in a Rayleigh distribution), By using this limiting value the peak
responses {rom sinusoidal and broadbund random can be equated to provide the
equivalence relationship

2083
W= '9—"?"1‘ : (3'44)

Energy Dissipation

Equivalence relationships, similar to the fatigue relutionships developed In a
previous section, can be determined by equuting the work done or energy dis-
sipated by an object undergoing vibration.

In the following discussion the equation of motion of the system shown in

Fig. 3-1 is used in the development of the equations for the energy dissipation of

an SDF system with viscous damping constant ¢. Since energy dissipated is equal
to the product of force ¢ ¥ times distance Ydt, the encrgy dissipated in one cycle

is
K infw
. = I ¢ Y2 dr.
cycle

0

For steady state harmonic motion.
Y = Ksin (wt = a) for K = constant,

and therefore,

————— — ey e e
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g 21/w
.___=f cK? sin? (wt — a)dt,

cycle

(3-45)
E_Kr
cycle w

- Energy Dissipated During a Sinusoidal Dwell. For a single frequency dwell at
the resonant frequency of the SDF system, the constant X in Eq. (345) s

K=Q.S"°=%§.2.,
"

Substituting for K in Eq. (3-45) yields the energy per cycle us

E _CQ‘IS‘:T{

cycle w)

The enorgy dissipated £, in a test time T, is

QST

P
¢ 7
2 W),

- (3-46)

Energy Dissiputed During a Sinusoidal Sweep. During a sinusoidal swezp the
work per cycle will vary as the response amplitude changes with excitation
frequency . If the sweep is slow enough the velocity response vs frequency can be
approximated by the steady state response function, i.e.,

Y =K Hi(w)l$,
where (from Eq. (3-28)),

iw '
- wh - 2itw,w

H(w) = w2

The energy dissipated in the sweep can be determined by summing the incre-
ments of energy in infinitesimal frequency bands

j‘ck’ ndn j‘csﬁ nH (w)* dn
Ey = | —— =
w w
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and
wdw
N = e s
4nt|fl

where !/ lis the Instantaneous sweep rate. Thus,

, = o 83 fy(w)’ duw

A £l

In the reglon of the resonance | /1 can be considered constant and integration is
performed as in Eq. (3-28);

or

ne$3 Q% T, )
=TT, (347
$ 4 w"
where T, is the time to sweep the half-power bandwidth,
Equating Eqs. (3-46) and (3-47) results in an equivalence between the time
for sinusoidal dwell and the time to sweep the half-power bundwidths;
2T,
T, = —- . (3-48)
T

Energy Dissipation During Random Vibration, The power of the damping is
equal to the time rate of the eneryy dissipation. Thus,

O —
P = f cYidt = vY?,
]

T

where Y7 Is the mean square value of the relative velocity. The energy dissipated
by the SDF system is

E, =cYiT,
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where 7, is the test time. Combining with Eq. (3-28) results in

e wQT, 249
4w, (3-49)

‘r

Equating Eqs. (3-46) and (3-49) results in

W
8, = ,/—"%’—— . (3-50)

an equivalence relationship between sinusoldal dwell test level and acceleration
spectral density test level.

Functional Performance

The definition of functional failure is that the performance of the equpment,
whether it be electrical or mechanical, is degraded under the influence of vibra-
tlon. ‘The definition of failure is usually based on the degree of degrudation,
Inciuded in the definition Is the stipulation that there is no damage; that is, atter
the vibration ceases, the equipment performunce returns to normal and there are
no structural fallures or permanent deflections, Simulation theory pertaining to
malfunction is complicated by the numerous types of fuilures and phenomena
which cause them.

Among the more common types of functional failures in electronic aquip-
ment are relay chatter, gyroscopic drift, microphonics in tubes and crystals,
short circuiting, blurring of optics, ete. The phenomena associated with those
various failures are as numerous as the failures themselves and inciude absolute
aceeleration, relative motion effects, absolute deflection, ete, An investigation
{53] of the comparison of functional fallures of typical aircraft electronic equip-
™ ment subjected to random and sinusoidal vibration attempted to determine a
p corrolation on the basis of experimental evidence. The conclusions of that study
were that (1) for some equipment, no correlation will exist, (2) where complex
systems arc involved, the correlation, if it exists, will be so complicated that it
will have to be determined by testing under both types of excitation, at which
point the correlation is no longer needed, and (3) for systems where the func-
tional failure is relatively simple in nature, ¢.g., reloy chatter, a correlation may
be determined by analyticul means.

Summary of Vibration Equivalences

The equivalence refationships developed in the preceding sections are sum-
marized in Tables 3-1 and 3-2. Tuble 3-1 lists the required test conditions (i.e.,

i level and duration) for equivalence between the three stundard test methods:

sinusoidal sweep, sinusoidal dwell, and broudband random. These equivalences
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are based on equating fatigue damage, resonant response, and energy dissipation
in linear mechanical systems. Exaggeration fuctors, bused on fatigue damage, ure
listed in Table 3.2. Exaggeration fuctors provide o relationship between one set
of test conditions, level and duration, und ainother set of test conditions for the
same test method. That is, the fuctors relate a test of low level and long time to a
test of high level and short time, The terms used in these tables ure defined
below.

S = peak sinugoldal excitation level

W = ggceleration spectral density

T, = duration of sinusoldal dwell test

T, = time to sweep hulf-power bandwidth of a resonance
T, = duration of random test

X = constunt

¢ = peak smplification factor

Tu = resonant frequency

b = measurc of slope of a-N curve (sec Eq. (3-30))
n = damping-stress exponent (see Eq. (3-7))
71,5y = duration und level of sinusoidal test |

T2.5, = duration und leve!l of sinusoidul test 2

Ty, Wy = duration and level of random test 1
T2, W, = duration and level of random test 2.

Table 3-2, Exaggeration Factors for Sinusoidal and Random Tests

a—

Test Method Test 1 Test 2
T (n—=DJ/t
1
Sinusoidal Dwell or Sweep Ty, S, §; = st(‘ﬁ')
7\ nlb
Random T,, W, W, = Wl("f;'

Note J.  For viscoelustic damping # = 2. For low to intermuediate strosses In elastic-
plastic materlals # = 2.4, and for high stressos n = 8,

Note 2. The value of b is in the runge 3 to 25. However, a value of 9 18 representutive of
many structural materials.

The relationships shown in Tables 3-1 and 3-2 should indicate that any uni-
versul equivalence hetween sinusoidal dwell and sinusoldal sweep and between

P .
AT IPT
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sinusoidal and random is nonexistent. The relationships are significantly dif-
ferent for different types of fullure mechanisms. In addition, equivalences based
on producing identical failures, such as fatigue, have widely differing values
according to such factors as damping, stress level, and material properties,

3.5 Nonstandard Test Methods

The emphusis {n the previous sections of this chapter have been on the char-
acteristics of the three standard test methods and the relationships between
them, The methods have been defined according to waveform and therefore the
discussions have concentrated on the effects of the waveform on equipment,
This section discusses two additional test methods which have waveforms dif-
ferent from the standard tests.

Combined Broadband and Narrowband Tests

As discussed in Section 3.3 the vibrations common in nature have a random
amplitude with time. The standurd test method for simulating these random
vibrations Is the broadband test where the excitation curve is defined by smooth.
ly enveloping the peak values of the predicted or measured acceleration spectral
density., A typical example of u test spectrum derived in this manner Is illus-
trated in Fig, 3-19. In actusl service the excitatlon spectrum will be broadband
with several narrowbund spikes superlmposed. It is generally assumed that the
center frequencies of the spikes can be such that a spike will oceur at any
frequency. This is the justification for enveluping the complex spectra with a
smooth curve, The disadvantages to the wideband test are (1) the test specimen
is subjected to a spectrum much more severe than uny actual environment, and
(2) the test requires much larger vibration shakers and power amplifiers than
might otherwise be necessary. Two methods which offer improvements over the
wideband test are the sine plus random and the sweep narrowband random,

ACCELERATION
SPECTRAL DENSITY

FREQUENCY, Hz

Fig. 3-19, Compasite of typical moasurcd
flight vibration with enveloping curve.
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The control methods and procedures necessary for the mixed sine and
random test are similar to those required for the sweep narrowhand random test.
Therefore, unless the environment is characterized by sinusolds mixed with ran-
dom there is no distinet advantage to the sine-random test. The sweep-random
test retains the statistical churacter of the waveforms of most vibrations found in
nature. Another advantageous property of the narrowband random test is that a
glven test Jevel can be obtained using simaller shakers and power amplifiers than
those required for 4 broadband test at the same level,

There are two approaches to narrowband testing. In one [59, 60], the test s
bused on equating the damuge incurred by the wideband test to that of the
narrowbund test. This method uses one or more narrowband spikes and logarith-
micuily sweeps through the frequency range. The rms magnitude of the narrow-
band spike is proportional to the square root of the center frequency of the
spike. The equivalence relutionship between this test and a broudband test is
based on equating cumulative fatigue damags.

The other method {61] does not attempt to equate the narrowbund test to
the wideband test. Instead the justification for the test is based on the fact that
the narrowband excitation is a better simulation of the sctual environment, The
method was developed from the results of 4 statistical evaluation of aircraft
vibration which revealed that u single vibration spectrum could be described by
threc nurrowband spikes superimposed on u relutively constant broudband level
us shown In Fig, 3-20, The peak levels of the spikes represent the extreme
expected level und are the values which would be enveloped in a more conven.
tional approsch, This spectrum Is therefore a method of deseribing the environ.
ment in a more realistic manner than the conventional broadband description,
Because the center frequencies of the narrowbund spikes cannot be predicted it
is necessary to ussume that they could be any value. The test, therefore, which
approximates this description of the environment requires that the center fre-
quencies of the spikes be varied across the respective frequency ranges of each
spike, This will verify the deslgn for any values of the center frequencies which
may be encountered in the service environment.

Simulation of Gunfiring Vibration

Of special interest, recently, is the vibration in afreraft resulting from the
firing of high speed guns which fire at a rate of 20 to 100 rounds per second.
The reaction forces from these guns are minimized by special isolation systems
and generally transmit very little force to the afreraft structure. However, the
blast pressure from the projectile charge cannot be eliminated. It is distributed
around the exterior fuselage of the alreraft to varying degrees with the most
extreme pressure levels in the vicinity of the gun muzzle.

A single pressure time history cun be idealized as shown in Fig. 3-21 [62].
Expunsion of this pressure time history in a Fourier sine series will reveal the
frequency content, and will result in the coefficients shown in Fig. 3-22. The
fundamental frequency of the harmonics s equal to the basic fiving rate of the
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Fig. 3-:20, Browdbund narrowband description of aircraft Dight vibration,

gun. Note that the amplitude of the harmonics renuins high and fairly constant
over a significant frequency range.

For firing rates of 100 Hz a forcing function would have significant levels
covering a frequency range from 100 Hz to well over 2000 Hz. The structural
vibration resulting from this forcing function will have the same characier as the
forcing function, The wavetforms are deseribed by line =vectra at the harmonie
frequencies with amplitudes and phase angles dependent en the dynamic transter
chavacteristics of the structuse.

During any one burst, i.e., a series of rounds, the pressur and liring rate will
vary because of ditferences in ammunition charge. vanations in hydraulic pres-
sure which regulates speed, mechanical tolerunces, ete, In addition to the varia-
tion of firing ratc within a burst of data, there is a greater variat*on of rate from
one burst to another. A #5-percent variation from the fundamental rate is
typical,

Complex periodic waveform vibration alse existy in tracked vehicles such as
tanks und armored personnel carriers or in equipment witl rotating or inapacting
machinery. It is likely that the fundamental periodic ate is also variable for
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Fig. 3-21, (dealized blast pressure thme history, normolized to period
of firing rate frequency fp

these situations and that the techniques for simulation of gunfire vibration as
discussed here are generally appheable.

Use of sinusoidal excitation to simulate gunfire vibration has some appeal
since a perfodic, or at least, almost periodic waveform is to be simulated and
thus each harmouic of the waveform can be simulated in turn. The weakness of
this approach is that the relationship between the effects of applying each
harmonic individually and all harmonics simultanesously is difficult, if not impos-
sible, to assess, particularly with respect to functional performance o the equip-
ment. The rather obvious possibility of using the sum of the outputs of a
numbet of oscillators, one for cach harmonic, can be quickly discarded when the
problems of amplitude and frequency control are considered. Use of broadband
random excitation immediately permits simultancous excitation of all hurmonics
of the environment. However, it is clear that a broadband level wiich in some
undefined way is equivalent to the level of the harmonics must be very conserva-
tive in the frequency bunds between the harmonics.

A unique method has been developed primarily for use as © simulation of the
gunfiring environment [17]. This method utilizes a pulse train excitation source
to be used in place of the oscillator or random noise generetor in the test
console. Several simulation requirements are immediately fulfilled. First, all
harmonics are generated at once. Second, the deterministic nature of the wave-
form Is achieved. Third, the phase relationships, even if incorrect, are at leust not
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FOURIER SINE COEFFICIENTS

L

0 6 10 15 20

COEFFICIENT NUMBER

Fig. 3-22. Frequency content of blast pressure wave.

artifically controlled and would bs repeatable fur a given test setup. Fourth,
variation of the pulse repetition rate would tune all harmonics correctly. Fifth,
the test duration is imm-~diately determined since real-time testing is achleved.
This technique is discussed in more Getail in later chapters dealing with imple-

f mentation of tests.

[
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CHAPTER 4
VIBRATION EQUIPMENT REQUIREMENTS

Previous chapters have described the various factors to be considered in the
selection of a test method. The remaining chupters are concerned with the
implementation and performance of the varivus methods. Of course, the factors
discussed In these chapters should ulso be considered in the selection of the test
and preparatfon of a test plun (see Appendix C). However, rigid contractual
requirements specifying the test method are often set prior to such considera-
tion, Even so, many of the factors discussed in these remalning chapters cun be
optimized within a glven test method in such a way as to significantly influence
the cost, time, complexity, and accuracy with which the test can be performed.
This chapter presents equipment considerations which are applicable generally,
regardless of test mothod, whereas Chapter 5 covers those factors related specif-
lcally to the various test methods and sets of conditions.

The basic elements of vibration test equipment are shown schematically in
Fig, 4-1, linked together in the order in which mechanical or electrical signals
flow through the system. The dotted line is intended to indicate the ulternatives
of manual or servo control while the parallel paths indicate that a load connec-
tion/support system or a vibration fixture, in the conventional usage of the term,
nuy or may not be necessury, depending on the configuration of the test item.

The following sections contain discussions of the major factors with respect
to all the clements shown in Fig. 4-1 except the waveform generation equipment
and most of the control system equipment, which are discussed in Chapter 5.

LOAD )
VIBRATOR . VIBRATION TEST
< CONNECTION
{SHAKER) ISUPPORT FIXTURE ITEM
POWER Gweﬁ\égi?'?tg\?q CONTROL L. o & m%c%'hr‘am/%‘?\l
SOURCE , SYSTEM . :
EQUIPMENT TATION
Fig. 4-1. Basic clements of vibration test cquipment.
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Information which is normally available from manufucturers of vibration test
equipment is not included.

4.1 Vibration Excitation Systems

A vibration excitation system is defined here as consisting of the driving or
power source, the vibrator (shuker) and, where applicable, the external load
connection/support system. Driving source/vibrator systems may be classified
into three categorles charucterized by their nominal maximum test frequency:
(1) low frequency (50 to 60 Hz), (2) intermediate frequency (500 to 900 Hz),
and (3) wideband (2000 to 5000 Hz). The material in Chapters 4 and 5 is
applicable generally to the use of either of the last two categories, although the
discussion is directed mainly to the use of wideband, electrodynamic systems. If
one excludes product assurance testing, most current testing s performed using
wideband systems.

Vibration System Types and Characteristics

The low-frequency vibration system is exemplified by the inertially driven
reaction-type exciter, It is available in a wide range of load-bearing capacities,
ha' test [requency capabilities in the range of about 5 to 60 Hz, and Is limited to
low displacements and sinusoidal waveforms.

Intermediate-frequency systems are typified by the hydraulic shakcr. The
driving force is derived directly from a hydraulic power supply, with very large
force ratings possible, The application of the force may be clectronizally
programmed, thus permitting sinusoidal, complex, or random waveform testing
within the system’s frequency cupability. Test frequency capabilities may range
from as low as 0.1 Hz to an upper limit of 500 to 900 Hz, Relatively lurge
displacements are possible at the lower frequencies, with several inches com-
monly available and a few man-rated systems providing several feet.

Wideband systems are comprised of clectrodynamic shakers driven by clec-
tronic power amplifiers. Older systems are limited to the frequency range of 10
to 2000 Hz, but systems have been available for several years with upper limits
of 3000 to 5000 Hz. Maximum peak-to-peak displacement capubilities range
from 0.5 to 1/in.

Vibration System Capacity

For any given test, the ability of the vibration system to produce the desired
waveform over the desired frequency range at the required level is of prime
importance. It is obvious that use of a system with insufficient capacity is likely,
at best, to result in only a partial achievement of test objrctives, However, even
if the selection of a facility is based on nominal force requirements which appear
to be adequate, there are adverse results which may be expected. For example,

1. The ubiquitous problem of designing an adequate fixture is likely to be
compounded by the weight constraint imposed by the fo.ce limit.
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2. There is likely to be impairment of the ability to program and contro! test
levels due to the combined influences of the electromechanical characteristics of
the shaker system and an unfavorable mass ratio of test abject, fixture, ete., to

shaker armature.

As a general rule, the greater the capacity of the vibration system, the less
pronounced are these effects. Conversely, if' equipment costs, availability, or
other considerations muke necessary the use of a marginully powered system,
test performance difficulties should be anticipated and compromises that will
probubly be required in fixturing, test quality, and test time should be recog-
nized znd accepted. It Is unfortunately true that the udequacy of the excitation
system can rarely be determined rigorously prior to testing the uctual test item
at full test level.

In addition to the system’s force rating, the maximum stroke of the shaker
armature must be considered. First, depending on the weight of the test mass
and the stiffness of the armature flexures, the stroke availuble durlng vertical
testing will be less than the ruted stroke because of static armature deflection
due to the test load. This problem is avoided on some recently developed shakers
by incorporation of u device which recenters the armature as load is added.
Some older shukers can be modified to provide this repositioning cupability
[63]. Second, since the maximum stroke of some shakers Is limited 10 0 0.5-in.
double amplitude, acceleration levels specified at lower frequencies may not be
attainable becuuse the resulting displucement exceeds the stroke limit,

Load Connection and Support Systems

Load conncction and support systems include those devices employed to
couple the shaker armature to and to support the dead load of the test item and,
wherc applicable, the test fixture in which it is mounted. See Fig. 4-1.

The need for such devices arises generally when one or more of the following
situations obtains:

1. The test item is large or massive,

2. The orientation of the test item with respect to gravity forces must be
maintained, regavdless of uxis of vibration excitation,

3. The test itom is to be tested along each of three orthogonal axes.

4. The deadload or moment cannot be supported by the shaker,

5. The dynamic moment (overturning moment) cannot be reacted by the
shaker,

6. Motion normal to the excitation axis, i.e., crosstalk, must be minimized.

7. The test item is to be vibrated at one or more locations which are not
“normal attachment points™ and no “fixture” is employed.

8. A single, less-expensive fixture can be employed for all test axes in con-
junction with such a system.
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The design of such devices must fulfill, to the greatest possible extent, the
following requirements:

1. Minimize distortion of the desired vibration waveform at the test jitem.

2. Minimize effects on the response of the test item to the required vibration
excitation,

3. Prevent, or at least, not amplify crosstalk motion.

4, Minimize the reduction in vibration excitution system capacity,

5. Be convenlent to use.

6, Protect the shaker armature from excessive loading,

‘These devices can be grouped into three basic cutegories which are discussed
In the following subsections, These categories are (1) linkages between the
shaker and the test item, the tost fixture, or the slip plate through which the
excitation is transmitted; (2) slip plates which provide a mounting platform in a
horizontul plane to be driven in 4 horizontal direction; und (3) devices used to
support the dead load of the test item. Requirements for design of cutegories 1
and 2 have much in common with the deslgn of vibration fixtures discussed in
Scction 4,2, In particular, the requirement for prelosding of bolted connections
(64] and for care of mating surfuces must be observed for satisfuctory
performance.

Linkages. Linkuages, in the present context, serve as transition structures to
transmit the shaker motion or force toward the test item, Most shaker armatures
are circular with one or more concentric bolt clrcles for attachment, The Jinkage
must be a rigid, efticient structure to provide the transition from the cireular
armature to (1) a linc tor attachment to a slip plate, (2) a larger area for
attachment to a fixture, or (3) a smaller area for attuchment directly to a test
ftem. Types | and 2 ure completely rigid, whereas type 3 may be flexibie in
shear or bending. This flexibility is required to protect the shaker from excess
loads when the test jtem center of gravity is offset from the line of force or
when significant shear and flexural response loads can be predicted. Figs, 4-2,
4-3, and 4-4 show typical linkages nf the three types mentioned. Tolleth [65]
discusses the design of linkages to drive slip plates. Such linkages are usually
attuched to the shaker and the edge of the slip plate through bolts in tension.
However, for the slip plate, it is structurally more efficlent to apply shear load.
ing by, for exaniple, using cytindrical expansion sleeves in aligned holes through
linkage and plate normal to the thrust axis. The latter upproach has the ydded
advantage of speeding up the process of changing shaker orientation since only
loosening or tightening is required rather than complete unthreading or thread-
ing. Obtaining desirable freouency response characteristics for the linkage-slip
plate combination is difficult. but careful design techniques yleld reasonable
performance. The authors know of a few instances vhere an integral linkage/slip
plate has been fubricated from a machined casting: however, the degree of

* - ——————
————a

e —— e,



VIBRATION EQUIPMENT RIEQUIREMENTS 107

I'ig. 4-2, ‘T'ypical armature-to-shp-plate linkage.

improvement aver the conventional configuration is unknown aud may not jus-
tify the significant increase in cost.

The linkage shown in Fig. 4-4 incorporates an "X flexure which permits the
missile to “pitch™ with negligible moment applied to the armature. Such linkages
developed from the rather unsatisfactory experience with the use of mechanical
fuses, i.e., rods threaded at each end and “necked down™ in the middle. These
linkages tended (o absorb oo mueh shaker capaenty because of a low longitu-
dinal resonant frequency and fractured rather frequently.

For small loads mounted on the shaker table where repetitive testing of
successive ftems Is required, attempts have been made 1o speed up the installa-
tion-removal cycle by using vacuum [66] or liquid film mounting [67] tech-
niques with some degree of success. These methods may be usclul for fow-nass
ltems where aceeleration forees, particularly at the lower frequencics, are not
too lurge. :

Slip Plates. The majority of vibration tests require the test jtem to be vi-
brated in each of three orthogonal axes, typically the vertical, longitudinal, and
lateral axes of the test item. When the test item is mounted in a fixture, it is
generally economical and sumetimes mandatory, if” the orientation of the test
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Flg. 4-3. Typical armuture- lo-fixture linkage,

ftem s significant (e.g., when vibration isolators are part of the 125 ilem), to use
a slip plate for testing in the two horlzontal axes.

The more common of two basic types of slip plates is shown in Fig. 4-2. The
slip plate floats on a thin oil film on a granite block [08-70]. The shaker
mounting hole pattern Is usually repeated in the plate to permit use of a single
fixture. The problem of large fixture overhang for at least two test axes ls
minimized, and a relatively large overturning moment, due to vertical offset of
the center of gravity from the thrust axis, cun be tolerated, However, flatness
tolerances on the plate and top surface of the block are tight; protection of these
tinished surfuces during use, handling, and storage is requlred, and alignment is
critlcal if the necessary film tension restraining forces are to be maintained, 1t is
obvious also that the maximum aceeleration level which can be upplied to 4
given test mass is reduced due to the increased load.

All but the last of the above difficulties can be eliminated by the use of a test
bed riding on shoes sliding in restraining slots and lubricated by high pressure oll
feeds. Such equipment is commercially avallable and will withstand very high
off-axis loads successtully. However, these systems are considerably more expen-
sive than slip plate installations.
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Fig, 4-4. Typlcal armature-to-test-ltem lnkage.

Prior to the development of slip plates, support of test objects for testing in
the horizontul axes was provided by either a set of rollers under the fixture or
plate or an arruy of vertical flexures attached to a relatively inert base [71}. The
problems encountered with resonances, crosstai.., and rattles in these types of
support are readily imagined,

Static Load Support. Tests of lurge or massive items, except when slip plates
are employed, generally require a device to react the static load of the item. If
the item is mounted on top of the shaker, it muay be necessary to reduce the
stress on the armature flexures and/or preserve the full positive and negative
displucement capability of the shaker. (See page 105 also.) When the shaker
axis is horizontal, static shear and bending moment on the armature must be
prevented. In either case, the static load support must be “soft,” i.e., the natural
frequency of the suspended mass (ass .ned rigld) in the excitation axis must be
low compared to both the lowest resonant frequency of the suspended mass and
the lowest excitation frequency. The support device must also be capable of
position adjustment for alignment of the test object with the shaker.

A variety of support mechanisms such as air bags, elast{= cables (e.g., shock
cords), and metal springs in combination with hoists, jacks, etc., may be success-
fully used for static load support. For example, see Fig. 4-4.

It is generally advisable. in those tests where static load supports are neces-
sary, to provide a backup support or “preventer.”’ This support is supposed to
catch and support the test item in case of failure of the main support system.
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The ropes visible in Fig. 4-4 have this purpose but fortunately have yet to be
preven adequate.

4.2 Vibration Fixtures

There are many factors to be considered in the design of vibration fixtures. in
pddition to the general considerations such as weight, configuration, and cost
there can be requirements on stiffness, durability, and simplicity. In a typical
program the fixture requirements appear in three forms: The project office
desires tixtures that cost nothing, can be built overnight, will accommodate ten
units simultaneously, can be used for holding fixtures when not in use for
vibratiup, and can be used on other programs. The specification people want
fixtures thut have infinite stiffness and zero croas-uxis response, The test labora-
tory wants u fixture which weighs nothing, will allow all three test axes to be
performed on the slip plate, and can be switched to another axic by ramoving
and replucing one bolt. A poorly designed fixture is usually the result of exces-
sive influence by any one of the three groups. A good or adequate fixture will
possess a balance of all of the above factors. It is the job of the fixture (esignar
to place these sometimes contradictory wishes in perspective and derive his own
set of design requirements that will allow the design of an optimum fixture. The
following sections outline the primary conslderations in fixture design. Refer-
ences 72 and 73 contain more detailed discussions on this subject.

Weight

A controlling parameter in the fixture design is the maximum allowable
weight. This weight is a function of the avalluble excitation force, vibration test
requirements (i.e., level, frequency range, und method of control), and moving
mass, i.c., weight of test article, shuker armature, slip plate, etc. As a first
approximation the allowable weight should be calculated on the basis that the
moving mass remains rigid throughout the frequency range of the test. For
example, a 10,000-1b shaker would be capable of exciting 4 moving mass of 1000
1b ut a sinusoidal level of 10 g's. However, because the moving mass will respond
dynamucally to the excltation, there will be frequencies where udditional force
will be required to maintain a given acceleration level. The amount of additional
Torce depends on the dynamic characteristics of the complete test configuration
and the mothod of test control. A inethod which utilizes a single acclerometer
location for level control will generally require more furce than an averaging or
signal selection method. A test engineer can usually estimate the force require-
ments on the basis of past experierce with similar tests. However, a good rule of
thumb is to multiply the test article weight by ten when using single-point
control and by two when using averaging or signal selecting techniques. This
weiglit is then used s follows to caleulate thie allowable fixture weight:
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Force rating

Fixture weight = ——
B Test level

~ Test weight ,

where

Test weight Total weight of moving mass (L.e., armature, slip plate, test
article, etc.) minus the fixture weight. (Tost article weight

multiplied by 2 or 10 as defined above.)

Force rating of shaker (peak or rms, respectively, tor sine

or random)

Test level = Acceleration leve! of test control (In units corresponding to
type of test, i.c., peak for sine, rms for random),

Force rating

Stiffness

The stiffness requirement of u vibration fixture is different for different types
of tests. For engineering evaluation tests where the dynamic characteristics of
the test article are to be determined, the stiffness of the fixture is extremely
important. 1t must be controlled so that information derived in the test can be
properly interpreted. Stiffness is also important for tests where the fixture is to
similate the mounting structure of the test article [30]. For testing of light
coraponents and off-the-shelfl equipment to military standards requirements,
consistency is important, and therefore so is the stiffness of the fixture. For the
latge majority of tests, however, the requirement on the fixture stiffness should
be the least important factor of all the deslgn requirements. Unfortunately, it is
often treated as the most important. Efforts are directed toward making fixtures
as stiff as possible with the ultimate objective of attaining equal in-phase motion
at all test article attachments throughout the frequency range of the test. This
effort usually results in expensive, heavy, and limited-use fixtures. Most im-
portant, environmental simulation is degraded. This {s evidenced by the fact that
vibration fixtures, especially those designed for stiffness, have no resemblance to
the actual foundation structure of the equipment. The ultimate in good simula.
tion would be to provide a fixture that simulates the equipment mounting
impedance and to control the test in a manner which would allow the article to
influence the base motion. The technicul difficulties and expense are at present
100 great for such a test, [l can be approached, however, through the use of
excitation and control techniques discussed in Chapter 2 and by not using fix-
tures whicn are too stiff when comparted to the mounting structure of the test
article. This last statement is negative in that it udvises not to use a certain
fixture design rather than suggesting a requirement. This is intentional because
sp2eiication of any stiffness, even one that approximates acwal conditions, is
often too binding u constraint on fixture design.

QOccusionally fixtures must be made unusually stiff to enable the achievement
of full 1est level. This may come about when the test requires the use of a fixture
that hat a configuration that structurally provides a low-pass filter between the

A
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excitation and the control accelerometers. As an exemple, the testing of a large
vbject on the head of a shaker where the fixture has a significant amount of
overhang often results in an inability to achieve test level above the frequency
associated with the fundamental bending frequency of the fixture. The problem
can usually be solvod or at least reduced if the stiffness of the fixture is In-
croused.

Material and Method of Construction

The fuctors which influence the selection of a material are welght, cost,
availability, and ease of construction (e.g., machinability). Aluminum and mag-
nesium are the most popular for fixtures. Aluminum is generally more desirable
because of its strength, especlally for flxtures which will have repeated use.
Method of construction, that is, welded, bolted, or cast, depends on two factors:
cost and schedule. Bolted fixtures may be the cheapest to manufacture but can
cause problems in test control if improperly designed. Cast fixtures usually are
the most expensive (an exception to this general rule Is discussed In Ref. 74) and
therefure difficult to justify except for special situations. The most economical
and useful fixtures usually are both welded und bolted. Bolts should always be
preloaded [64] to insure against separution of parts, a highly nonlinear phenom-
enon which can cause problems in test control. Use of laminated fixtures is
discussed in Ref 73.

Miscellaneous Considerations

If at all possible, fixtures should be designed to allow three-uxis testing on
either the head of the shuker ui the slip plate. This is to eliminate the need 10
rotate the shaker from horizontal to verticsl or vice versa In addition the design
should minimize the effort required in switching axes; the unit shiould be easy to
remove from the fixture and the fixture from the shaker or slip plate [66]. [t is
also desirable, although seldom possible, to be able to detach the fixture without
removing the unit. For testing large or massive items which require large fixtures,
integrated slip plate/fixtures should be considered [73].

It a fixture is to be used repeatedly it s desirable (o use threaded steel inserts
at all locations that require continual removal and replucement of bolts. In
addition, bearing surfaces which are under high preloud stresses may require
special attention for repeated loadings to prevent galling (le., heat treatment,
material or chemical coatings).

4.3 Instrumentation and Control
Transducer Characteristics, Location, and Mounting

If the test to be performed is to yield uny meaningful results, one must be
able to identify the point, or points, for which vibration levels are to be defined
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and controlled, whether the specified “inputs™ be in terms of displacement,
velocity, acceleration, a combination of these, or force. Although the exclusive
use nf accelerometers has become fairly common in recent years for tests where
a mixture of displacement, velocity, and acceleration levels 18 required, a few
observations concerning the first two types of trunsducers are in order since, for
an occasional test at lower frequencies, they represent the optimum instru-
mentation approach.

Displacement Transducers. Practical displacement measurement techniques
can be classified conveniently into three basic categorles uccording to the param-
eters used to convert motion to its desired analog: resistive, capacitive or induc-
tive, and optical. Since all depend upon the change of a parameter proportional
to the absolute displacement of the test mass, part or all of the transducer (or
the observer, in onc case) must be supported rigidly, or isolated, to provide an
inertlal reference against which motion of the test mass Is measured. It is obvi-
ous, then, that thelr useful frequency range is dependent on this support struc-
ture as well as on the limitations inherent in the design of the transducer itself.
The three types, along with additional factors 1o be considered in their applica-
tion, are as follows:

1. Potentiometric or slide-wire. A regulated excitation voltage is upplied
across the potentiometer allowing pick-off of g signal proportional to displace-
ment by use of a slider connected by a mechanical linkuge to the test mass.
Qther factors which should be considered are the inertial louding of the slider,
tinkage, and its attachment; the degree of resolution (determined by slider di-
mension, fineness of potentiometer wire, and total resistance); and nolse effects

due to trunslent changes in slider contuct pressure,

2. Capacitive or inductive. A repulated excitution voltage is applied and a
change in capacitance [75] or inductance due to relative motion, respectively, of
either an equivalent capucitor plate or a plece of ferromagnetic material attached
to the test mass permits the generation of u signal proportional to displacement.
Loading is minimal usually but linearity of output and low resolution, common-
ly resulting from the fuct that the total parameter change is relatively small, are
additional factors to consider.

3. Optical. There are three technigues which may be used; in one, the specu-
lar reflection at a relatively sharp boundary between a light and dark area on the
test mass is tracked through optics by an electronic servo which generates an
output signal proportional to displacement {76]. No loading at all oceurs, and
both resolution and frequency response nominally are fur better than for other
systems. However, its rigid mounting is much more difficult due to sensor size
and mass and is further complicated by the placement limitation imposed hy the
focal length of the optical system. A recently developed method involves the
uso of the laser interferometer. For details see Refs. 77, 78, and 79. The third
method involves the use of the “optical wedge” (Fig. 4-S) and cun be applicd
only to the case of pure sinusoidal motion and for displacements of 0.05 in.
(pouk-to-peak) or more. Since its effectiveness depends partially upon the
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phicnomenon of retentivity in vision, the wedge cannot be used ut frequencics
below 14 to 16 Hz. The minimum resolution of 0.05 in. double amplitude (DA)
represents rapidly increasing acceleration with increasing frequency. i.e., pro-
portional to frequency squared. For example, at 125 Hz, the acceleration is
40 g peak. For additlonal information, se¢ Ref, 80.

Velocity Transducers. The operation of the velocity transducer in general
depends on the Inertial displacement of u coll in a magnetic field. As the coll,
which is connected into the sensing und measurement c¢lreuitry, cuts lnks of the
magnetic fleld, an electromotive force is generated which is proportional to
velocity, Because it usually requires a self-contained imugnetic fleld, the velocity
transducer Is relatively heavy. Therefure, its use should be reserved for applica-
tlons whete fuirly high loading of the test mass can be tolerated,

Accelerometers. Plezoelectric types of accelerometers have been most com-
monly used in recent yeurs because they are relatively light, are available with a
fairly wide range of sensitivitles, and are most casily used with modern commer-
clul electronic programming and control equipment. Their outputs are derived
by imposing an Incrtial force on u piczoelectre crystal, with the strain thereby
created generating un clectrical charge proportional to seceleration. Thelr high-
frequency response is quite good, with most being usable to well above 2.0 k1fz
and some having inherently aceurate response up fo 10 kHz, Nominal limits on
their upper frequency range are detenmined by acceleroraeter resonance charae
teristics [81]. However, it should be noted that the mounting method is likely
to be the mujor factor Hmiting the frequency range over which useful data may
be obtained. Plezoeleciric accelerometers generally have a limited low-frequency
response, with Inceeasing signal degradation below 10 to 15 Haz,
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For low frequency tests, or whin greater signal sensitivity is required. ihe
strain-gage accelerometer may be preferable. There are two basic types: wire
resistance and plezoresisti.2. They both provide direct current (zero frequency)
response; howéver, the upper frequency response is limited to the range of about
50 to 300 Hz for wire (ypes und they are relatively heavy and susceptible to
damage if their acceleration range is exceeded. The plezoresistive type is much
lighter, can provide much higher frequency response, and {s somewhat less sus-
ceptible to vveraccelerztion damage (82].

Lotation und Mounting. As has been noted, definition of control points
should be an essential part of test design. Adequate test planning, then, should
lead to provision In the fixture design for convenient mounting of transducer(s)
at the polint(s) for which test levels are to be controlled [83]. For the test where
control must be based upon an input modified, or limited, according to the
response at one or more points on the test object itself, the selection of the
location and the type of responsc transducers requires careful consideration. For
example, if o point ot which the response must be monitored is likely to flex
during vibration, there are two basic problems in selecting an appropriate trans-
ducer regardless of mounting mothod: (1) the accelerometer must be light
enough to minimize loading effects sufficiently, und (2) its sensitive element
must be well-enough isolated from its case so that strain imposed on the latter
oy the test structure does not induce s. -lous signals in the accelerometer ou-
put. It should be noted that some commercially available miniature acceler
ometers are particulurly sensitive to case distortion.

Threaded studs (or screws) and cement are most commonly used for mount-
ing accelerometers. If no precautions are taken, a threaded attachment will often
introduce electrical noise into the output of the ac:elerometer due to grounding
of its case. This problem can be avoided by using isolated mounting studs which
are commercially avuilable with good mechanlecal response characteristics. For
threaded attachments it is important to use the installation torque recommended
by the accelerometer manufucturer to avold deviation from the calibrated sensi-
tivity. The effects of mounting variables on the accelerometer’s performance are
described in Ref. 84,

The most popular material for cemented attachments is Eastman 910 because
it (s easy to use and attains full strength within a tew minutes after application.
It it is applied properly to u clean, flat surface, the resulting bond {s adequate if
instantaneous acceleration levels do not exceed 60 to 75 g's and if it is not
exposed to temperatures outside the range of about 0 to 75°C. It is often
necessary to interpose a thin fiberglass pad between accelerometer base and
mounting surface (cementing both) to avoid ground-loop nolse. Frequency re-
sponse in either case is surprisingly good: even with the insulating pad it is
satisfactory up to 3 kHz [85]. If the mounting surface is not smooth or flat,
dental cement can be used with satisfactory resulls. At least 45 min must be
allowed for curing at ambient temperature with more tims required if test levels
greater than about 10 g's are expected; curing time can be reduced by applying
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heat carefully. Double-back, pressure-sensitive tape is sometimes used for accel
crometer mounsdng: it is not recommended for test levels exceeding 4 to § g's or
at frequencies greater than 500 Hz [85,86].

Other miscellancous mounting techniques involve the use of a thin layer of
wux or a permanent magnet. Good frequency response is claimed but no evi-
dence of independent confirmation has been found in the literature.

In additlon to assuring satisfuctory attachment of acceleronseters, it is neces-
sary to secure thelr cables to prevent whipping which is likely to induce spurious
signals In the cables, at the connectors, or as a result of strain imparted to the
accelerometer case, 1t is recommended that all cables be tuped or lashed as
required to prevent their motion relative to the test mass and accelerometers.

Averaging

As was noted in Section 2.2, control of the test level to the average, cither
absolute or power, of two or mote transducer signals has become common
practice [31). The synthesis of u control signat which has the propertles of the
desired uveiage 1s often achieved by the use of u commutatiog device known as a
time division multiplexer (TDM), whose function is ustrated in Fig, 4-6. The
output of the TDM consists ot sequential thme samples of each signal. In normal
operation during sinusoidal tests, commutation is synchronized with the excltu-
tlon frequency so that cach successive sample contalns one period ot motion.
For use in random or complex-wave testing, the dwell or guting time s adjust-
able over some range.

Fuilure to observe certain precautions in the use of the TDM |87] can cause
significant errors. Basically, these errors all stem from the fact that the spectral
characteristics of the TDM output signal will almost always differ, to greater or
lesser degree, from the spectral characteristics of the average of the individual sig-
nals. Significant errors scem mainly from either of two sltuations: (1) the polarity
of one or more of the individual signals is inverted from the remainder; and (2)
significant amplitude differences exist between adjacent inpuls to the TDM.
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l'ig. 4-6. Power averaging of random signals by commutation (time division muitiplexing).
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Relative inversion of signal polarities resulting from orientation of the trans-
ducers can be removed either by physical relocation or by electrical means.
When relative inversion or large amplitude differences exist because of resonant
response, modification of control or averaging methods may be required.

The potentiul errors in the use of the TDM fall into the following categories
with differing implications regarding test quality: '

1. The synthesized signal is not the averuge (absolute ar power) of the indi-
vidual signals, creating overtest or undertest.

2. The vibration control system reacts erroneously to a correctly synthesized
average signal, creating overtest or undertest.

3. Independent analysis of the synthesized signal for test condition documen-
tatlon is incorrect, indicating overtest or undertest even though test performance
was correct.

4. Independent analysis of the synthesized signal is incorrect to the same
degree as the control system and thus validates an erroneous test.

It will be seen that it is easy to commit cach category of error.

Since the adverse effects differ tor sinusoidal, com; 'ex, and rundom wave-
forms, they are discussed sepurately below.

Sinusoidal Waveforms. For the simple unfiltered sinusoidal test, no unusual
precautions are needed. However, If fundamental control ic attempted with rela-
tive input polarities reversed (or significant relative amplituda differences) and
using insufficient TDM dwell times, very large errors in control level will oceur,

For fundamental control a tracking filter is used to remove the unwanterd
distortion from the accelerometer signals. However, the output of the TDM
contains distortion products (sidebands) due to step changes in the signal level
when the TDM switches from one input to the next. The effect on the control
signal is most pronounced when adjacent channels of the TDM have opposite
phase or large varfations in amplitude. These sidebands must be passed by the
filter if a reasonably accurate absolute average of the fundamental components
of the control signals is to be obtained. The obvious solution to the problem is
to increase both the TDM dwell time T (by using the random mode) and the
filter passband B so that the relative distortion resulting from TDM switching is
reduced and most of the desiced sidebands are contained within 8. Unfortunate
ly, as will be noted later, servo iime constant and test sweep rate consideravions
impose severe constraints on the maximum permissible 7.

Usher [87] shows that for the extreme case, where alternate 1 DM channels
are 180° out of phase, the BT product must be 10.6 or more for about &0-
percent accuracy. It should be noted that the Inaccuracy will result in overtest
because the ourput of the tracking filtsr will always be less than it shouid be.

When T is increased the servo time constant must also be increased to avoid
“hunting” due to amplitude variations at switching and consequent modulation
of the input to the power ampiifier. The modulation witl occur at low frequen-
cles caused by relatively large T. To reduce this effect, the servo time constant
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must be made large compared to 7. However, an upper limit is imposed on the
servo time constant because the servo response must be fast enough to correct
unwanted test amplitude varlations with sweep frequency. Adjustment of the
servo (ime constant required to limit modulation to an acceptably low value
depends on the specific equipment being used. Usher provides an example (using
a 20-Hz filter) where a time constant of 27.3 sec is required to limit the modula-
tlon to 5 percent where the control signal is derived from multiplexing twu
channels (onc at zero amplitude) with a 7 of 0.084 sec, This is an obvious worst
case, but it does illustrate graphically the difficulty of test performance in this
mode.

It should be noted that the foregoing problems can be eliminated by the use
of multiple iracking filters. Each control transducer signal can then be filtered
and the filter outputs connected to TDM input channels.

Complex Waverorms. For complex waveform tests, if multiple filtering and
control of individual frequency components are attempted, the factors described
above are applicable (with obvious complications in selection of dwell time,
filter bandwldths, and servo detection times). If the broadband output of the
TDM s used for test control with inverted input polarities, control quality is not
likely to be degraded. However, subsequent gnalysis of the recorded control
signal to define spectral test levels may indicate spestacular errors at some fre-
quenciss. The degree of indicated error will depend upon the TDM dwell time,
analyais filter bandwidth, and the relative spacing of the input frequencies com-
prising the excitation waveform, If relative signal polarities were not coriect {or
are unknown) for the test, it is recommended that definition of control levels be
based on the unalysis of individual control transducer signals and calculation of
their spectral averages.

Random Waveforms. As was noted in Section 2.2 under “Random Test Level
Control,” random waveforms must be power-averaged by deriving a signal whose
spectral density is equal to the average of the spectrai densities of the ‘ndividual
signals. Figures 4-6 and 4-7 illustrate schematically two menns by which such a
signul can be synthesized,

Decorrelation Method. The method shown in Fig. 4-7 resulte in delaying each
signal with respect to the other signals so thai they are decosrelated.

Since the signals originate from a common noise source, they are nornully
well correlated. The spectral density of the sum of independent or uncoreri . ted
randun signals is equal to the sum of the spectral deasities of the individua!
signals. Thus, the desired power average signal is obtained by mixing the su..cess-
ively delayed siguals and dividing by the square root of the number of signals.
The schiematic diagram of Fig. 4-7 may be readily implemented by recording and
reproducing the individual signals (except the first) on a imagnetic tape ..corder
to achieve the desired delay time. For a large number of signals, ..+is may strain
the available recording capacity since the additional tape recorder channels (re-
cord and reproduce ) required for &1 trunsducer channels is
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n-2
Additional channdls = | +Z i (4-1)

=]

This equation assumes that » recording of the pawer uvernge signul is required
us well ar 1he normal requirement for recording the Individual signals, The delay
time between the recorded and reproduced signals oceurs by reason of the time
required for the tape to travel from the record to the reproduce heads. It is
therelore a function of the physical design of' the particular tape recorder and
the tape speed selected. A commonly available recorder provides u 200-msec
delay at o 15-ips tape speed,

Conflicting desires enter Into selection of the appropriate time delay. The
decorrelation of the signals is improved as the time delay increases. On the other
hand, us the time delay und the number of channels Increase, the potential time
for the vibrutlon control system to sense a change in level also increases. This
problem Is primarily of importance during the process of initlal equalization and
coming up to full test level and can be minimized by chunging the master guin
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Fig. 4-7. Power averuging of random signuls by time delay
(decorrelaticn: method),

control and the equalizer settings somewhat more slowly than usual to allow for
the “sluggishness™ of the system.

The time delay required to achieve adequate decorrelution 1s not casy (v
determine anglytically since the error in spectral density of the power average
signal is u function of (1) the number of signals, (2) the center frequency of the
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mcasurement, (3) the bandwidth of the measurement, and (4) the relative magni-
tudes of the individual signals. For a given time delay, the error is smaller as
items 1 through 4 increase, or conversely, larger time delays are required us they
decrease. Cleurly the low-frequency end of the test spectrum Is governing since
items 2, 3, und gonerally 4 will be minimum at this point,

The results of an empiricul evaluation of the adequucy of the tape delay
method are shown in Figs. 4-8 und 4.9, The data were obtained during identical
random vibratlon tests of five misslles In which two accelerometer signals were
power-averaged by using a tupe delay of 200 msecs, The spectral density values
were obtained using n 10-percent handwidth analysis system [1] and 30-sec data
saniple lengths, 1.e., 30-sec integration times. It Is important to note that, except
for the 200-msec delay, the same 30-sec sumple of each signal was used in each
case. The three curves of Fig, 4-8 represent the maximum, mean, and minimum
values, in each analysis bundwidth, of the ratio of the spectral density of the
power-uveraged signal to the mean of the spectral densities of the two signals
from which it was formed, f.e., the true power average. The three curves of Fig.
4-9 represent the muximum, mean, und minimum values in each analysis band-
width of the ratio of the spectral densities of the two individual signals, {llustrat-
ing that the curves of Fig. 4-8 were obtuined over u wide runge of relative
magnitudes. Except for the first five bandwidths, from 19.6 to 34.7 Hz, the
curves of Fig. 4.8 indlcate the adequacy of the 200-msec deluy. The 200-msec
time delay represents delays of 4, 5, and 6 cycles in the first, third, und fifth
channels, and delays of 4-1/2, 5-1/2, und 6-1/2 cycles in the second, fourth, and
sixth cycles, respectively, The effects of reinforcing and canceling in the odd and
even channels respectively due to inadequate time delay are evident.

The two curves of Fig. 4-10 are of the sume ratio as those of Fig. 4.8 using
the data from one of the five tests. One curve used a 200-msec delay as before,
the second used a 400-msec delay. The improvement with longer delay is evi-
dent. Since random vibration equalizer/anulyzer filters in this frequency range
employ a bandwidth of at least 10 Hz, rather than the 2- to 4-Hz bandwidth in
Flgs. 4-8 through 4-10, it appears that 200 msec is generally adequate for power
averaging. It greater delay is desired, either of two approaches can be used:

1. If one of the newer, widebund FM tape recorders is available, the tape
speed may be reduced to 7.5 ips while maintaining the response to 2500 Hz. See
Fig. 4-11,

2. I only the older type recordor is avallable, the double delay method
disgrammed in Fig. 4-12 may be used. It is the less desirable alternative because
two additional tape tracks, which might otherwise be used for datu acquisition,
must be committed to test control,

Commutation Method. The second averaging methad is shown in Fig. 4-6,
where the individual trunsducer signals are commutated at an appropriate switch-
ing rute so that the power-uveruged signal conslsts of a series of time segments of
the signals from euch transducer, Each segment typically contains several cycles
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for five missile tests, using two accelerometers.
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TAPE RECOFDER
CHANNELS
RECORD| PLAYBACK
b 1 1
ACCELEROMETEH ﬁ s < E 2 —
SIGNALS . 3 3 > T0Ha
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.
FROM PB ==afip| 9 ] e TO R10
FROM P9 ==} g i0 > TOR11
FHOM P10 ===fp» 11 1 >
12 12
13 12
14 14

\/
T0
TEST
CONTROL

Iag, 4-1 1 Instantaneous averaging of random signals, tupe delsy method.

of the lowest frequency of the spectrum. Fig. 3-13 s a photogiaph o the output
of the commutator CTDM). (One channel with zero signal Input was used Tor
illustrative purposes only. Actual use with a zero signal would blas the theoieti-
cal level by u factor of (0 =~ 1)/ {or i input chunnels.)

Performunce of this type of power averaging is shown in Fig. 414, which is
plot of the ratio of the true power average of four acceleiometer signals to the
spectral density of the averager output signal. using 10-percent bundwidih analy -
sis, The four signals were the sume as those used for Fig. 2.3, thus indicating the
range of the signals which were averaged. 1t can also be obseved that sinsoldal
waves do not average on s mean square basis as shown in the bandwidth strad-
dling 60 Hz. A power signal synthesized in this munner Is actually u nonstabon-
ary signal even though each segment 15 stutionary. However, if the sveraging tme
ol the control system 1o which it is applied Is sufticiently long to averpe over
one or more scans ol the commutator, the vontrol system will react as if a
stutionary slgnal with the properties ol the required power-averaged signal had
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RECORD| PLAYBACK
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FAOM P12 ==fp{ 13 13 —p
14 14
TO
TEST
CONTROL

I'ig. 4-12. Instantuancous averaging of random signals, tape delay method
(400-msec delay ut 15-ips tupe speed).

heen applied. There are two busic constraints on the application of this tech-
nique to random signals. First, If the sampling dwell time is inade too small, the
spectral density of the output deviates from the averuge of the input spectrul
densities. The degree of deviation {s inversely proportional to the minimum
bandwidth of peuks and notches in the spectral densities of the input signals.
Second, if the dwell time approuches the averaging times of the analyzer chan-
nels, control instability, or “wow,"” results. Sce Rofs. 87 und 88 for details.

A practical .proach to the problem is to determine experimentally the dwell
time which yields marginal control stability and then to reduce 1t by 10 to 20
percent for test control. Some early commercial versions of the device do not
provide sufficlent dwell adjustment range for the above. It is recommended that
they be modified to permit settings somewhat greater than 100 msec.
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I'ig. 4-13, Typleal thne divislon multiplexer (uverager) output signal with three nonzero
inputs and onc zero input,

The use of the TDM for averuging poses potentlal problems in the per-
formance of any type of random vibration test if the Inputs have relative in-
verted polarities or widely differing amplitudes. The only effective remedial
actlon possible is to correct the polarity inversion or to use the alternate tape
delay method described above. With inverted inputs cither of two types of errors
van oeeur: (1) notches present (n the inputs fail ta appear in the output, or (2)
peaks in the inputs are reduced in amplitude und spread over a wider bandwidth
in the output. On the basis of limited empirical tests these effects appear to be
pronounced at lower frequencles: however, it is suspected hat the effects cun
oceur at any frequency within the normal test runge. Varying the TDM dwell
time T has no perceptible effect on the first type of error but, with incrensing T,
the degree of frequency spreading is reduced somewhat for peuks. Figures 4-15
through 4-17 illustrate a typical notch error, they are 10-percent bandwidth
analyses of actual test datu where, because of test fixture configuration, one puir
of control uaccelerometers was physically oricnted 180° oppused to the other
puir. The immutable operation of one of Murphy's laws also contrived ulternate
connections of one of each pair to TDM input channels 1 thiough 4. Figure 4-15
shows plots of the unalysis of the TDM output and the computed average of the
four Input spectra (the latter ure plotted in Fig. 4-16). Test control wus, of
course. based on the ‘TDM output signal and resulted in alt1ost 5-dB undertest in
the equalizing channel centered at wbout 36 Hz (which was approximately the
resonant frequency of an isolation-mounted element of the test item). As u finul
check, the taped individual signals were played back into the TDM with alternate
chunnels reinverted and the TDM output analyzed. The result Is plotted in Fig,
4-17 ulong with the computed average of the four input spectra.
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Fig. 4-14. Ratio of true power average spectral density to spectral density of TDM averager signal;

four accelerometers used.
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Relative amplitude differences between adjacent channels (without reversed
signal ;olarities) also cause test crrors, These ertors are not extreme but the
problem should be recognized. since they are systemutic, they oseur with only
moderately lurge amplitude differences, and there is no obvious meuns for their
cor-action during testing. The effect of error in the TDM output is to cause un
increase in spectrul content at lower frequencies followed by a gradual rolloff
with Increusing frequency. The effect is illustrated in Fig, 4-18 which shows
plots of TDM output and the computed average of four Inputs (the latter are
shown in Fig. 4-19). The alternate inputs differed by a fuctor of 100 In spectral
density and the vutput error ranged from about +1 dB near 33 Hz to nearly —3
dB at 2650 Hz, A dwell time of 100 msec (normal for random) wus used:
huwever, varying it between 50 anid 200 msec had no significant etfect on the
results. Figures 4-20 and 4-21 similarly show the etfect for Inputs ditfering by u
factor of ten. The approximate output error ranged from +0.6 dB at 44 Hz to
—~1.5 dB ut 2650 He. The plot of Fig. 4.22, which shows analyses of the TDM
output for lour identical, nearly flat inputs and the computed average of the
inputs, demonstrates that the TDM hus no inherent roll-off effect.

Test Item and Facility Protection

In the performance of vibrution tests, tt is always necessary to provide protec-
tion against inadvertent overstressing of the test object and faults in the vibra-
tion equipment. Both furms of protection are vequired since s fault in the
favility may cause test item damage and the test itlem may be overtested without
exceading fucility performance limits. The adverse consequences of test item
damage are obvious; the effects of facllity damage in terms of costs and test
delays are also an important factor.

Overstressing of the test objeet due to control factors can occur as a result of

any of the following:

1. Instrumentation crror; e.g., use of incorrect accelerometer sensitivity.

2. Operator error, either in manual control or in use of automatic control
equipment.

3. Failure of automatic control equipment.

4. Loss ol signul due to failure anywhere in the control transducer system.

The instrumentation error factor can be minimized by performing -~ inde-
pendent sensitivity check of all control accelerometers prior to test by Lse of an
opuical wedge (Fig. +-3) to measure displacement while applying sinusoidal vihra-
tion al a known [requency [80]. 1t Is convenient to usé 0.1-in. peak-to-peak
motion which yields 1, 3, and 10 g's at 14.0, 24.2. and 44.2 Hz, respectively.
The technique is particularly valuable where the check can be made at a fairly
high level before installing the test ftem. However, even when the check must be
made at a fow level, gross errors cun be detected.
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Fig. 4-19. Four TDM inputs of Fig. 4-18.
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To prevent damage from the other potential faufts, a combination of three
basic technigues is recommended. particularly when the test item value is high.

I. Use of un acceleration threshold limiting device, or G-limiter {89}, The
threshold is adjustuble to a predetermined level and the device shorts the input
to remove finul stage power from the power amplifier whenever the control
signal exceeds the preset level,

2. Use of a device (the “no-sighal™ detector) which monitors the control
signal and performs the same protective functions when loss of signal is detected.

3. Use of a manual abort switch by the test engineer or other porson uble to
detect abnormulities by visual und/or aural monitoring of test performance. The
suine protective functions cun be inftinted by the ubort switch.

The electronic power amplificrs used to drive toduy’s vibriation exciters usu.
uily have incorporated In their design devices which sense over- and undervolt.
ages, excess currents, overtemperatutes, coolunt flow, ete., und shut down opera-
tlons tu prevent or limit internal damage when abnormal conditions ure
detected. Most of the taults so protectod aguinst do not constitute a threat to
the test article. However, because of ity required lurge power handling cupaclty,
the vutput stage does have a potential for serlous dumage to both the vibrutor
armature and test object. For example, the oceurrence of a short between the
grid and plate of an vutput tube could tmpress upon the annature an extreme
accelerating foree, resulting In cotustrophic velocity and displucement. This
could oceur desplte vperation of overcurrent refays and removal of power
because of the large amount of energy stored in the lilter of the high voltage
supply. From the enrly days of random vibration testing, before this potential
was recognized, one of the authors has an all-too-vivid memory of an oceurrence
of just such u fault which left an armature dangling by one flexure in midair
above the shaker case. It has become common pructice to use what Is called an
armature profector to guard against potentfally eatastrophic faults {90]. The
devices rely on the very fast operation of gas switching tubes (thyratrons or
ignitrons, popularly called crowbar tubes for this use) which usually perform
twa functions: (1) shorting the high voltage supply to ground to remove the
drive energy source and (2) shorting the input windings of the vuiput trans-
former to provide electrodynamic broking of the armuure from the back-eml
generated by it as it moves through the shaker mugnetic field. The triggering
tunetion nty ke derived by sensing excessive velocity, acceleration, return cur-
rent, or displacement, although the {atter is of doubtful value since its occur-
rence usuully will be too late In the chain of ¢vents to permit effective remedial
action.

The need for use of armature protection unfortunately creates another prob-
lem with respect to the safety of the test article. Operation of the device may
result in overstressing of the test object. This problem can be allevisted by the
application of an cdectiodynamic bruking technigque described by Cook [91].
However, the potentiel problem reinforces the need for the test {tem protective
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techniques described earlier, in order to prevent externally imposed conditions
which might {rigger the armature protector. .

Test item protective techniques. if applied properly, must complicate and
thus increase test costs, This follows from the need for some form of confidence
check of satisfactory performance of each function just prior to test; otherwise,
one may be relying on nonexistent protection. For this reason, the requiroiment
for und the degree of protection should be evuluated curefully with respect to
the value of the test {tem, .

Equipment Calibration and Alignment

Regardless of all other precautions tuken, test performunce can be no better
thun the quality of the instrumentation used. Standard monitoring equipment
such as voltmeters, counters, etc., are usuully subject to perlodic calibration and
certiflcation checks: use of such equipment beyond the callbration period should
be avolded. Trunsducer calibratlon requires speclalized equipment und tech-
niques not available in many test laborstorles [79.9295]. Gross changes in
sensitivity between calibrution and tesi use will be detected if the optical check
recommended in the previous section hus been made. Alighment instructions
should be followed carefully for specialived equipment such as tracking filters
and random vibration equalizer/analyzor systems.
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CHAPTER 3
TEST PERFORMANCE AND CONTROL

With the exception of un introductory section on control technigues and
equipment functions, the material in this chapter Is arrunged by types of tests,
The reuder is referred tu Chapter 4 for test performance considerations which
are gonernlly upplicable to ull tests,

$.1 Programming and Control
Control Techniques

Selection of an uppropriute method for programming and control of vibration
levels fre- any given test will depend upon a combination of fuctors, examples of
which s 2 '

1. vie simulation requirements discussed tu previous chapters,

2, The purpose of the test.

3. Number of control transducers required (often, but not ulways, u function
ol test objeet size).

4. Data requireinents. For example, for a simple resonanee search or truns-
missibility measurement, preetston of control may be less important than duta
uceuruey.

S, Avullability of ¢ontrol equipment. Probubly more compromises of choice
stem from this than any other tactor.

The technique chosen may range from simple manual control based on a
single transducer to complex automatic control based on multiple transducers
and the use of signal selection or averaging, Detailed fuctors to be considered in
the selection of methods of control Tor virlous torms of vibration and combinu.
tions of cauipment are presented in later sections of this chapter deuling with
cach form of test,

Basic Equipmient Functions

For any form of vibhation test, there may be deflned three basic categovies of
cquipment functions external to, and used to ¢ontrol, the power amplifier-shuker
combination (see Fig. §-1). They are

1. Control (A). This includes monitering functions and gain controls (hoth
munual and sutomatic) us well us the excltution source.

2. Control signal generation (B). Included are trunsducers und the connected
equipment required to convert thelr output signals to u form compatible with
the control equipment.
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EX.

CATEQQRY A - CONTROL

SINE SEAVO

RV EQUALIZER - ANALYZER
CRO, VTVV

LINE AMPLIFIER

G-LIMITFR

NQ.SIGNAL DETECTOR INSD]

CATEGORY C - CONTHOL
SIANAL CONDITIONING

EX- AVEHAGER
SIGNAL SELECTOR
LEVEL PIOGRAMMER
TRACKING FILTER

]
CATEGORY ¥ . CONTHOL
SIGNAL GENERATION

EX: TRANSDIICERS
CHARGE AMPLIFIFAS

F et I
| mass

v

POWER

AMPLIFIER

DATA
ACQUISITION

DATA
ACQUISITION

', S-1. Basic categorios of equipment functions used for

tost control,
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3. Control signal conditioning (C). This category includes functions such as
signal selection, averaging, tiltering, and level programming,

In the discussion of specific forms of tests in following sections there will be
found repeatod reforences to servo time constants. For the reuder who may be
unfumiliar with servo (sutomatic control) equipment, a brief explanation {s in
order. In u servo, the vibration excitution signul s fed through a varlublo-guin
amplifier. The umplifier guin Is controlled by un error sighul which s gencrated
by comparing the detected and smoothed control (feedback) signal to an adjusta-
ble de reference voltage, The rupidity with which the servo can respond to, and
corfeet for, chunges in the control signal is determined by the servo time
constant, This {s 4 composite of time delays in the system, but the chief
cantributor is the detector uveruging cireult, Both munuul und sutomatic changes
In servo rate are effected by varying the detector thme constant, There are major
differences between servo functions fur sinusolaul and random testing,

1. Sinusuldal. The munual servo rute adjustiment (usually designuted us com-
pression speed) {s ar operator eontrol but the detector averaging time also is
varled automutically us u function of frequency while sweepirs,

2. Rundom. Both servo rate-determining and detector averaging times are
fixed for euch frequency channel. The “high" and “low™ damping modes, with
which some readers muy be fumiliar, affect only the readout meters und not the
teedbuack signals,

5.2 Sinusoidal Tests

‘The material in this scctfon s restricted to whut {s commonly called the
stmple sinusoidal vibration test (which often turns out to be not nearly us stmple
as we wonld like), with the excitution derived from a single oscillator, It is
convenient to identify three general types: (1) swept, (2) resonance search, und
(3) dwell. A distinction Is made between the first two because equipment and
techriques used can differ widely,

Swept

Modern practice revolves around the use of cycling oscillators, electronic
servo-controllers, and other automatic programming equipmen, However, it is
wordi noting {hat even the most complicated test can be performed by substi-
tuting operator skill for one or more of these functions und breuking up the test
into partfal sweeps more amenable to manual control. The major virtue of the
use of automatic equipment lies In reduced test time and the nominal capucity
for precision of control and replication of test purameters from sweep to sweep.
‘The torm nominal is used advisedly, since the potential advantuges of such
equipment are not alweys reslized in practice.

Tha sweot sine tes! may take any of several forms, These range from constant
acceleration vs fiequency w complex schedules of displacement, velocity, and

[
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aceeleration vs frequency. Bach nuy be complicated further by o reguirement
for filtering the feedbuek signul [96] in order to control the level of the
fundamental where resonances create distortion; by requiring that control be
bused upon the alternutive selection of vne of several transducer signals, depend-
Ing upon-thelr relatlve amplitudes; or by requiring the use of the averaged output
of severu} transducers us the control signal.

Swept, Unfiltered. The simplest form requires only muintenance of constant
acceleration vs frequency. Ift servocontrol is used (Fig 5-2). the servo time
constunt adjustment must be compatible with sweep rate selectlon (refer to
pp. 57-60 for seleciion eriteriu), The optimuny time constant cunnot be

-edetermined sinee it will depend on both sweep rule and the response charue-
teristics of the test muss and the vibration system. 1t should be noted that the
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required time constant is an inverse function of sweep rate and sharpness of
resonances encountered, and thut the performance characteristics of the avail-
able servo system may require o compromise of sweep rate selection (pyp.
57-60).

Below some relatively low frequency, it is often necessary to make transition
of control from constant acceletation to constant displacement. This is, of
course, a form of level progranuming but is not treated as a category C function
because for many years sine servocontrol systems have provided u built-in
capabtity ror performing the function. It is commonly achleved by using u de
analog of frequency to switch control from the acceleration signal to a displace-
ment signal. The latter is usually derived through double integration of the
acceleration signal but may. in n.ost serve;, be generated alternatively by single
integration of the output of a velocity transducer. In some later servos, control
switching is effected by use of a signal comparator which transfers control to the
larger of the two signals,

Swept, Filtered. The functional diagram for this test Is shown In Fig. 5.3.
The introduction of the tracking filter into the feedback loop complicates the
selection of sweep rate and servo time constant, This is because there is a delay
between the time of change of input signul amplitude and the time the filter
output responds to the change, The umount of delay is an inverse function of
filter Landwidth. Since this is an added delay in the servo feedback loop, for a
given sweep rate and filter bandwidth there is a limited permissible range of
adjustment for the servo time constant which will result in good test perform-
ance. Ideally, the process of defining test requireinents would take aceount of
this factor, Since this requires a fairly detailed knowledge of the charactenstics
of the actual equipment o be used, it is rarely possible 1o do more than
provide some lutitude in test requirements which will permit effecting reason.
able solutions fo the inevitable problems that will arise. The problems can be
minimized, however, by specifying the lowest sweep rate and widest filter
bandwidth conpatible with test objectives and cost Himitations,

Level Programming. This refers to the tairly common practice of cpecifying a
sweep whete, at intermediate frequency points, & change in vibration amplitude
is requirad. Yarious combinations of displacement and acceleration vs frequency
may be specified: rarely, there may be a requirement for control of velocity. In
the latter case, it is usually necessary to perform the sweep piccewise, since
automatic equipment to effect the required contrul transitiun does not appear to
be available commerically. Where the required transitions are Hinited to displace-
ment and acceleration, it is vecasiorally necessury to break up the sweep into
combinations of displacement fullowed by sequential acceleration level changes
because many available servo-controllers can handle only a displacement sched-
ule followed by acceleration schedules. A typical curve defining vibration
amplitude as a function of frequency is depicted in Fig. 5-4.
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Iig. §-4. Typieal test requirements, swept sinusoldal
with tevel programming,

The application of level programming is shawn schematically tn Flg, 5.5 for
an unfiltered sweep and in Fig. 5-0 for u fltered sweep. The level programmer s
a device which contuins dseveral switchable channels, the guins of which can be
varied. The frequency at which switching oceurs s set by adjusting a de
threshold voltage In euach channel to correspond to the de wnalog of the
frequeney at whick cech level transition is desired. There is commercial equip-
ment avallable which allows the switching frequencies te be preprogranimed
with & conductive ink chart on a curve follower.

For unfiltered low-level sweeps, there may be a problein of spurisus triggering
of the Glimiter duc to channel switching transicnts, which in some level
programmers are uncomfortubly high, However, judicious low-puss filtering of
the G-limiter input minimizes the problem. For flltered sweeps, un additional
constraint is Imposed on the selection of sweep rate, seyvo time constant, and
filter bandwidth. The degree of constraint depends on the magaitude of level
change, the direction of change und switching speed, and thelr unpact on the
perforinance of the specific tracking filter and servo combination used. Henee,
this factor can only be noted as a potential problem requiring empirical solution
during test performance.

Signal Selection. The application of signal selection is diugriinmed in Fig. 5.7
for the unfiltered sweep. Most commercial versions of the signal sclector contain
a combinution of switching loglc and adjustable threshoid levels in each channel
which cause transfer of control to whichever seecleration signal has, at the
moment, risen to the preset level for {ts channel. A few such deviees also provide
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an alternative operating mode in which channel selection s based upon mini-
mum rather than maximum signal levels. This is necessary in arder to ineet one
of the requircnients of MIL-STD-810B, Mzthod 514, Para. 5.4, Switching tran-
slents may cause spurious triggering of the G-limiter but, here again, the problem
can be minimized by adequate low-pass filtering of its Input, However, If' selector
switching is not svnchronlzed well enough to limit the duration of signal
dropouts to a value somewhat less thuan the loss-of-signal detector (NSD) aver-
aging delay or the servo time constant (whichever is smaller), cither the test will
be aborted by the NSD or control instability will result,

For the fltered sweep with signal selection (Fig. 7-8), in addition to the
potential problems cited above, the sweep rate/filter bandwidth limitations
discussed on p. 143 must be considered.

Averaging. A schematic representation of test control employing averaging is
shown In Fig. 5-7 for an unfiltered sweep. Larly versions of the averager required
deteetion ot cach wcceleration signal before averaging In order to avold phase
cancellation effects, Such devices could be used only for very slow sweeps
becuuse of the time required for the detection process. The present-duy uverager
avoids this problem by commutating the acceleration signals and averaging the
resulting composite output consisting of sequential time samples of each signal,
For the unfiltered sweep, the rate of commutation of the signal is synchronized
with the sweep frequency so that cach successive sample contains an equal
number of perlods (usually one). Thus, regardless of relative sighal amplitudes
and phase, the detected and smoothed output is proportional to the true average
(87].

When this technique Is applied to the filtered sweep (Fig. 5-8), operational
compromises are required due to the effects of fllter bandwidth and commuta-
tion dwell thme on servo time constant optimization. Sweep rate selection, of
course, is aftected also. Limits dre imposed on the ratio of servo time constant to
dwell time, on the product of filter bandwidth and dwell time, and on the sweep
rate which may be used; see Ref. 87 und Scction 4.3, page 117 for details.
Some latitude in sweep rate sclection can be gained by switching filter
bandwidth and time constant at higher frequencies, bul equipment setup and
operation are complicated considerably. If accelerometer polarities are opposed,
special precautions arc required (sece Section 4.3, page 126). The cited
problems can be avoided largely by using a tracking filter in cach signal
channel preceding the averuger, but such equipment is expensive and test sctup
complexity is not reduced significantly.

Level Programming with Selection or Averaging. Test control e uploying level
programming with signal selection or averaging is diagrammed in Fig, 5-9 for the
unfiltered sweep. LExcept for increased test setup complexity, potential problems
remain essentially the sume as those already cited for application of the individu-
al funetions; i.e., possible adverse consequences of switching transients,
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For the filtered sweep with level programming and signal selection (Fig.
5.10). the increased test setup complexity hecomes o significant fuctor. Equip-
ment interaction problems are about the same as those noted bhetore for the
individual applicutions. However, for the filtered sweep with level progranining
and uveruging (Fig. 5-10), the problems of selecting sweep rute, servo thme
constunt, filter bandwlidth, und averager dwell time are compounded. The
interactions between averager, trucking fllter, level programmer, wd servo are
too complex to be predefined. Sinee it is likely to be extraordinarily diffieull to
perform, the declston to specify this test should be bused upon critleal examiti
tion of all possible alternatives.

Resonance Search

As has been noted In Sectlon 3.2, the resonanee search test [s primarily o
prefiminary 1o the performance uf a resonance dwell test but fs commonly used
also for determining transmissibilities. 1t Is convendent fo use servocontrol ©
malntain the constant ucceleration input to the test item attachment point
chosen as u reference. The usual practice. unfortunately, is to employ the
unfiltered sweep which muy often yield misteading results, Firsto at many
resonances thewe (s likely to be consideruble harmonie distortion In the control
signul; sinee the servo will operate on the composite signal, the fnput at the
contral frequency may be considerably fower than nominal. Second, a resonance
will respond differently to uw rapidly varying input amplitude at the excltation
frequency than it would 1 the input were kept constant.Third, If, us is com-
monly the case, estimation of peak responses Is based on reading vseillographie
traces, a resongnee moay be deflned us significant at some frequency ., where o
major portion ol the response Is at some multiple of that frequency. The
response when the sweep reaches the litter frequency is likely also to be defined
as significant, Then subsequent performance ol the dwell test o the two
frequencies will efTectively dwell at the samie resonance twice. Consequently., the
use of the filtered sweep (see Fig. 5-3) is recommended for resonance search
testing. Rezponse dutu must be tape recorded Tor subsequent playback through a
nacking filter for the generution of oscillogruphic records for use In evaluating
resonant responses. Refer to the discussion on p. 143 for test performance factors
to be considered.

Occasionally the use of response accelerameters 1o detect resonances must be
supplemented by another technique becuuse the test item cannot be instin-
mented adequately. It the structure of the item can be monitored visually. the
stroboscope is uselul below 300 to 400 He, Pinpointing the resonant frequencies
requires disabling the oscillator sweep drive und nual vernier adjustment of
the frequency to determine the point of masimum response. Stow-mation
strobscopic photography [76] may be used us an additional diggnostic tool,
Hand-held prabes are sometimes used but, since readings obtained are variable
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and they are difficult to apply without loading the structure under exanmination,
the results are always open ta some suspicion.

An hae been noted earlier, in the measurement of transmissibilitics, precision
of contral of the {nout is fess importunt than date aceuracy. Thus, it Is not
stefetly necossry to use the filtere] sweep for this purpose if the control and

- response duty are tecorded carefully on magnetic tape, Howsver, the overall time

for test performunee wud duta analysis can be reduced I u filtered sweep Is used,
For detalls refer to Secetion 6.3,

Rescnoance bwell

The perfonnunce of this test s relutively straightforward. Sihee considerable
dweli time nsually 1s required at euch resonunee, it is destrable to use servocon-
trol to insurd madntenance ol the desired input level regurdless of attentlon span
defigtencles &f the oparator, The decision s to whether the control signal should
be filtered or unfiltered Is cuslly mace; if filtering is used in the resonance scurch,

It should he used nlse for the dwell test und vice versa, However, the effeet of

filtering can be apmroximated if the uufiltered input level hae been lugged during
the filiered sweep search and is duplicated in the dwell test,

Durlng the dwell Geenninlated fatigue effects or the lowsenlng ol structure
may-eause o gradual chiange In the resonant frequency. This factor may be tuken
Into acco-nt by pertodic ndjustment of the frequency 14 ruximize the response.
Such udjustment may be effected matually: as ar aliernative, cemmercial
gyuipment is availublo which trucks the resonant fregquen- autonaticully.

5.3 Sinuroldal and Random Tests

These test requirements were first evolved before the development of the
tracking filtes aad the autematic equalizer, Consequently, carly test technigues
involved separate preliminary tesis for sinusoldal and random motion and the use
of o twe-iraek magnetle tape aecordr and electronic wixer for progimmming the
actual tost. Wim the advemt of tacking (lters and automatic equaiizers, test
perfurnmnee became simpler sl moch legs Ume consuming,

Tape Programming

This method requires a thiee-step procedure [ rmwd sehanatleally in Fig,
Se11. Using servo control und the spevified sweep rale, o prellminary sweep s
run while recording on magnetic tape the resulting modjfied inpat (o the powe
amplifior. A separate preliminary test s then perfarmed o equalize o the
random portion: when salisfuctory results are uchieved, the equalizcd input to
the power amplitier is recorded on a second track of the tape recorder for the
required test duration (paralleling the previously recorded sine sweep). For the
actual test, the tupe recordings are played back through a mixer into the power
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Fig. 5-11. Sinusoidul plus random test, tape programming method: () prerecording
caualized sine swoep excitatlon, (b) prerecording equalized random excitation, and

(v) test performance,

amplifier. Sepurate gain controls are us:d in esch mixer channel to permit
adjustment of the relative levels of the sine and random outputs.

There ure two major disudvantages to this test procedure. First, in order to
uvoid pretest dumage to the test item, it is desiruble to perform the preliminury
tests using a second test ftem or a very good dynamic model, so that equalizing
may be done at actual test lovels, However, the mechanical fit of the test itew
and fixture will usually vary enough from model to model (because of tolerunces
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andd varlation in fastener torquing) so that the test mass response in an actual test
will differ from that obtained during prefiminary tests. If the second test item Is
not availuble, preliminary equalizing must be done at 4 reduced level, The actuul
test levels are then ulso likely to vary unpredictably from those desired. The
degree of uncertainty depends upon how nonlincar the test mass is. Second, the
procedure is time consuming and requires uncommon expertise on the part of
the operator.

It Is possible to program the sinusoidal level und to use averuging for both
sinusoldal and random. The three-step procedure is shown schematically in Fig.
5-12. The constraints noted in Section 5.2 are applicable,

Tracking Filter Method

The trucking filter used for the ainusoidul-rundom test provides two outputs.
One Is the normal nurrowband filtered output which Is used as the feedback
signal to the servo, The second output is derived from circuitry which provides
narrowband rejection at the slnusoidal frequency; it is used as the feedbuck
signal to the random equullzer. Fig. 5-13 diagrams this test setup. It is desiruble
to use a filter us narrow as possible and a correspondingly long sweep time to
insure sinusoidal control ut the required level. This results from the fuct that
servocontrol Is based upon a composite In the filter output of the sinusoidal
signal plus the random signal pussed by the filter. As filter bandwidth and
undesired rundom gignal ucrease, servo action reduces the sinusoidal amplitude,
resulting In a degree of undertest for the sinusoldul portion. The effect may be
compensated for by artlficially increasing the sinusoidal control level, but
explaining the resulting test data records is a particulurly frustrating task.

Lovel prograrming may be applied to the sinusoldul portion and averaging
may be applied to both, providing that the precautions in Section 4.3 (pp. 116-
131) are observed. Fig. 5-14 illustrates this schematically. A constraint is added
to those cited in Section 5.2 (p. 143) if averaging is used beciuse optimum
sampling dwell time considerations are differcnt for sinusoidal and random
signals. Sec Ref. 87 for further information.

5.4 Ruendom Vibration Tests
Random Vibration Averaging

Wliere the control of 4 random vibration test is to be based on the average of
multiple accelerometers, two methods are available. The signal commutating, or
multiplexing, device or the magnetic tape delay technique discussed in Scction
4.3 (pp. 118-131) may be used. However, if the former is used, speciul precau-
tions must be obscrved, as described in the cited section.

Broadband Random Tests

The first known faltering attempts to perform rundom vibration tests were
mude in 1954, Early programming techniques cvolvod by a fow pioneering
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luboratories were based on the use of audio equalizing networks and hastily
devised peak and notch filters. Control methods ranged from simple broadband
monitoring using a true rras voltmeter to morc sophisticated use of various types
of wave analyzers to permit at least some degree of control of the shape of the
test spectrum, The usual excitation source was an electrunic random noise
generator, although some early tests were based on the uge of magnetic tapes on
which were recorded actual flight test data,

Commercial development of equipment customized to the task of rundom
vibrutior. testing led to steady Improvement of the urt, First to appear were
multiply segmentad, adjustable spectrum-shaping networks, and peak and
notch filters with a fairly wide adjustment range for both Q and amplitude, The
user was still left to his own devices for test control. Next to sppear were the
manual “equalizers’ which consisted of matched fixed-frequency combination
filter arruys! one, which had individual gain controls in cach chunnel, was used
for shuping the test spectrum; the other was used for determining the tost level
in the pussband corresponding to cach equalizing channel. These devices repre-
sented an enormous improvement over eurlier methods butl equalizing was still
time consuming and usually left the customer with the unhappy conviction that
test item mulfunctions would really not have og¢eurred had it not been for its
pretest exposure,

The development of the “automatic equalizer,” in which each channel is
servo-controlled bused upon feedback from the corresponding analyzer channel,
has mude the performunce of random vibration tests relutively sinple. Figuros
5-15 and 5-16, respectively, diagram tests with single accelerometer control und
those where control ls bused upon the averaged output of multiple accelerom-
eters. For the latter case, the factors discussed on pp. 118-131 must be con-
sidered, The equalizing system niust compensate for the clectromechanicul
response characteristics of, and interactions between, the elements of the vibra.
tlon system and the test mauss. Since the required compensation at certain
frequencies may often exceed the nominal 40-dB dynamic vange of an equalizer
in the sutomatic mode, there is usually provided in each channel an optional
manual mode which adds about 10 dB to its dynamic range. The autcmatic
equalizer also has a closed-loop operating mode which permits adjustment of the
operating point of 1. servo in cach channel prior to excitution of the vibration
system, As u further precuution sgainst unnecessary pretest exposure of the test
item to vibration, the transition from closed-loop mode to test mode is made
about 20 dB down from the test level, following which the test level may be
increased as rapidly as the servo time constunts alicw or as slowly as desired. It is
common practice to increase the level to —10 dB and then pause long enough to
readjust servo operating points before proceeding to the full test level (where
some final servo adjustments are often required).

A recent development for broadband random testing [97-99] involves the
use of a digital system for excitation and spectrum shaping. The excitation signal
is pseudorandom and is derived from a binary random noise generator; analyses
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of the control signal and spectrum shaping are effected through use of a special
Fourler processor in conjunction with a small general purpose computer,

In estimating the required capacity of the vibration system it is usually
necessury to calculate the rms g’s, since test levels are ordinarlly specified in
terms of acceleration spectral density (g2 /Hz). For the uniform spectrum, the
celculation is simple: i.e., it is the square root of the product of spectral density
and test frequency bandwidth. However, for the shaped spectrum, the process is
a bit more complicated if precision Is attempted [100-102] . A useful approxima-
tion can be achleved by breaking up the sloped portions of the spectrum into
sufficiently narrow frequency bands. It is derlved by estimating the average
spectral density (PSD) within each band, taking the products of bandwidths and

corresponding PSD's, summing these with the products in the zero slope por-

T T P,



e oYY Freo'w v %N o T/ T T B . - - - ; - B - s

162 SELECTION AND PERFORMANCE OF VIBRATION TESTS
’_ CATEGOAY A
|
VTN
10 POWER LINE cRO
AMPLnFnsn""I—— AMPLIFIER aLiMiTER

3

RV
EQUALIZER-
ANALYZER

DATA i
ACQUISITION |~ ]

— enafle amw e W e - ——

{_ CATEGORY C
|
!
|
|
]
I
I

|
|
i
|
AVERAGEH |
I
|
[
|

DATA ‘f
ACQUISITION | |
|

AMPLIFIER 1@ @ @| AMFLIFIER

2-8
ACCELEROMETER
SIGNALS

|
4 |
/ {
|
| carecony

Fig. §-16. ‘unctional diagram for broadband random test with averaging.

ey
[N
-

I N



r"""-_‘*"‘I  ahintiied

TTTTRR

~— - - — Y A A o Y et - =y -~ - -

TEST PERI'ORMANCE AND CONTROL 163

tions of the spectrum, and taking the square root of the total. Appendix B
contalns formulas for precise caleulations.

Swept or Stepped Narrowband Random Tests

The reader is referred back to Section 3.5 for the rationule for these tests.
Either the swept or stepped versions are uscally combined with broadband
random base excitation but its presence or absence does not affect test imple-
mentation significantly. If the test (s bused upon equating broadband to narrow-
band cumulative fatigue damage, the buse excitation is not required.

Swept Narrowband Random Tests. A typical test method is disgrammed in
Fig. 5-17. The time required for sweeping the filter across its frequency range is
un inverse function of filter bandwidth; as the bandwidth is decreased, both
filter response time and detectlon time increase, The filter bandwidth and sweep
rate are constrained also by test item response characteristics. The Sandwidth
must be great enough and the sweep rate low enough to permit adequate
excitation of euch test ltem resonance. These problems can be minimized in
practice by switching progressively to wider bandwidth filters as the test fre.
quency runge s traversed upwards. An alternative approsch is to use muitiple
tracking fllters, with eazh one covering only part of the totul frequency range.
For information on other methods sce Refs, 59 and 60,

If multiple contro! accelerometers are required, the methods discussed on
pp. 118-131 may be used. However, the construints on multiplexing are
magnified due to filter sweeping.

Stepped Narrowband Randor Tests. Muny of the difficulties of the swept
test are avoided by the use of the stepped narrowband random method, which is
diagrammed in Fig, 5-18. Three tracking filters with dual-filter bund-switching
are used to cover the frequency range of 20 to 2000 Hz. Each of the «ix filters
covers a limited frequency range, and the bandwidth of each is approximately 10
percent of its upper range. The excitation source is a program tape upon which
ure prerecorded the cutputs and tuning signuls of the tracking tilters (with noise
source inputs) as they are stepped and band-switched per schedule. During test
performance, the tracking filters are connected in the accelerometer signal
feedback path to servoamplifiers which operate on the corresponding prere-
corded narrowband sources. Synchronized stepping and bandswitching is ef-
fected by using the prerecorded tuning signals to control the tracking filters.

Sweep rute Is eliminated as a factor and, because the dwell time for each step
is made very much greater than filter response time, the lutter becomes negli-
glble. The filter bandwidths chosen to cover each part of the test frequency
range allow for adequate excitation of all test item resonances. See Ref. 61 for
further information.

The averuging techniques described on pp. 118-131 may be used here also for
multiple accelerometer control. For the multiplexing method, additional con-
straints due to filter traverse are minimized by the step dwell time.

PULIVE I
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5.5 Complex Waveform Tests
In these tests the form of excitation is not u simple sinusoidal function, but ’
its time history is repetitive, or neurly so. Examples of such test upplications ure
described in the following paragraphs.
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Reuction-Impulse Tests

Reaction-impulse tests are performed by using @ hybrid reaction type of
shaker which employs articulated eccentric weights (popularly called clangers) to
superpose impulse loading on the reaction fundamental, The end result Is o
conglomerate of line spectra spread over a fairly wide froquency range. The
shaker is designed to provide an inexpensive means of shnulating purthilly the
effects of random vibration and is used primartly for proof-of-workmanship tests
[20,21].

Test control Is by indirection. The machine is mechanically adjusted to give
the destred wutput for a specific semi-lnert load. For later test use, the load is
ballasted, If necessary, to the total mass for which the shaker was udjusted, and
the test is run (usually uninstrumented) for the desired time. The equipment
must be readjusted periodically to maintain the required output,

Pulsed Excitation Tests

Pulsed excltation s Ideally suited to laboratory simulation of the effects of
vibration induced by rapid-fire guns, as has been noted on pp, 99-102. A pulse
train generator is used as the excitation source and its output s fed through a
standurd random vibration equalizer (Fig. 5-19). The latter is operated in the
menual mode and s used to adjust the fundamental and harmonic amplitudes
resulting from the pulse train, Equalizing is perforimed with random noise with
the target spectral shape being the inverse of the pulse-train line spectrum rolloff as
modified by the relative harmonic amplitudes of the desired test spectrum, If the
equalizer 1s of the type with dual nolse generators feeding alternate filter
channels, an external noise source must be used. This is necessary to provide an
equal degree of correlation between signals in the crussover region between
adjacent channels for equalizing and for test performance.

Since the gun-firing rate usually varies above and below nominal due to
fluctuations in hydraulic pressure and temperature, the ideal approach would be
to sweep the pulse repetition frequency (prf) of the pulse train smooihly across
the expected range of gunfire frequency. However, though sweeping can be
achieved without too great a complication of test performance, the resulting task
of certifying test levels (i.e., analyzing the control data) would be complicated
enormously. A more practical approach is to step the pulse train prf seross the
range of firing-rate uncertainty N times, dwelling at each prf for 1/N of the total
tast time per axis. The number of steps is made large enough so that excitation
frequencies will be nc more than 1 to 1.5 dB down on the response curve fot
any test item resonance with & Q of 20 or less within the frequency range of
interest, thus minimizing the chance of omitting dunwging prf’s,

In the cuse of airborne equipment, the gunfire-induced vibration is usually
aceompanied by random excitation, In performing the test, it Is relatively casy
to provide the latter. Test control is based upon monitoring the contro} signal
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and adjusting the gain to maintain the desired rms level. If control is hased on
multiple accelerometers, the multiplexing method con be usad for averaging, If
the control accelerometers are not physically oriented so that their signal
polarities are identical, the precautions of Section 4.3 must be observed.

5.6 Response-Limited Tests

For some test structures it may be desiruble . modify the input in order to

cnd,

limit the muximum response ut one or more points on the structure [1]. The
basic test methods described in previous sections can be modified to achieve this
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Sinasoidol

The simplest technique for limiting the response for sinusoldul tests is to use
signal selection and to include in the selector inputs the signals from the
accelerometers mounted at the points at which limiting is desired. 1t is also
possible to combine control accelerometer uveraging with response limiting. The
method s dlagrummed In Fig. 5-20, where it will be noted that the output of
the multiploxer s one of the Inputs to the sighal selector. However, in the
selector channel used for this purpose, the detector averaging time must be at
least as great us the tme required for vne full cycle of the multiplexer. if
averaging is used. the servo time constunt also should be no less than the cycle
time, or instability is likely to occur whenever the uverager channel is selected;
the maximum sweep rute Iy limited by the minimum permissible servo thme
constant, If averaging is not used, filtering may be employed as in Fig, 5-8, Itis
recommended thut averagiug und tlitering be avoided.

Random or Pulsed Excitation

In general, response limiting for random or pulsed excitation tests can be
achleved only by iterutlve excitation of the test item. After cach iteration,
recorded uccelerometer outputs are analyzed und responses compared to the
input(s) to determine what Input modifications aro required, Iterations ure
started about 10 dB down trom the test level (o minimize pretest stressing of the
test objoct. Averaging can be applled but the constraints of Section 4.3 on
pp. 118-131 must he observed.

The obvious disadvantage to this technique Is the walting time between itera-
tions while analysis, comparisons, and Input adjustment caleulutions are taking
place. If a high-speed digital analysis system is available, the waiting time can be
reduced to acceptable limits; for further details refer to page 196.

5.7 Multiple Shaker Tests

The carliest application of multiple-point excltation s exemplifled by the use
ot smull reaction vibrators for structural testing of complete aircraft prior to
World War 1, Multiple excitation over a relatively wide frequency range Is a
technique that has been developed in recent years with the advent of high-
performunce alreraft and large space vehicles. Since sdequute coveruge of the
topic is beyond the scope of this monograph, only a few general observations are
presented below; howsver, Refs, 5 through 16 contain considerable information
regarding techniques and probleras assoclated with multiple excitation.

The basic difficulties arc facllity costs und the complex problem of test
level control, For sinusoidal testing, for example, both smplitude aud relutive
phase must be controlled at the input points, For random tests, the contiol
problem Is reduced somewhat if separate excitation sources and equalizers are
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uesd, but the squipment cost Is very large. In either case, any significant cross-
) coupling between excitation points can complicate enormously the problem of
‘ maintaining the desired test level at each point.
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CHAPTER 6
ACQUISITION AND PROCESSING OF TEST DATA

{t may be generalized that the sole end product of any test is the data resulting
from the test. The measurement of vibration test results against success criteriu
must be based upon data falling Into two basie categories: (1) the vibration levels
axperienced by the test item ut its various points of Interest and relations
between these, and (2) the performance of the test item, In the latter cuse,
cilteria may iunge from simple physical survival to complex functions! require-
ments. The materfal in this chapter is restricted to the recording, processing, and
presentation of data in the first cutegory. The basic ussumption is made that the
end aim with respect to these data is to convert them to the form or forms most
suitable to the task of evaluating how well test objectives were met.

Workers directly involved in vibration test performance tend to regurd the
hundling of vibration test dutu as a procedure consisting of acquisition and
unalysis (the latter term being applied to the entire process of converting the raw
data to Its final form of presentation), Howover, us 4 concession to the dynam-
fcist, who reserves the termanalysis for the cerebral processes upplied to the end
result of dats processing or duta reduction by the test luboratory, the busic data
functions covered here ure deflned as acquisition, processing, and presentation,

A very complete discussion of the acquisition, processing, and presentation of
vibration data would go far beyond the needs of this monogruph, und the reader
should refer to Refs. 25, 32, 33, 56, and 103, for example, for more detailed
discussions. The discussion hercin will be confined to that necessary for un
understanding of the requirements for acquiring, processing, and presenting data
from laboratory vibration tests. These requirements ure much less stringent than
those for the acquisition and processing of dats from field meusurements for two
basic reasons: First, the vibration levels ure gencrally elther known or can be
accurately cstimated before test. Second, the statistical characteristics of the
data are known, l.e., sinusoidal, complex or rundom, Gaussian, staticnary, ete,,
so that simplified procedures for editing and processing can be employed.

6.1 Data Acquisition

In the sense used here, acquisition is a combination of signal conditioning und
recording functions. Conditioning is defined as the modification applied to
analog signals to convert them to a form that can be recorded and translated
correctly into engineering units for the parameters represented. Recording may
be done on magnetic or oscillographic media or it can be as simple as merer
reading and hand logging of the readings by an operator. It is obvious that the
utility of the recorded data can be impalired scriously by errors in conditioning.
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‘The value of the recorded data depends also u-on the ability to correlate it
with specified test levels and test item performance phenomena. Aside from the
obvious requirement to annotate records witiv information such as vibration axis,
trensducer location and orientation, seusitivity, scale factor, etc., means should
be provided for relating the dita to tiine or frequency.

Signal Conditioning Fuctors

Two assumptivis are mude with respect to the control and monitoring
Instcumentation: (1) that the trunsducers have been calibrated properly and (2)
that the required corresponding sensitivity settings have been made correctly for
cach transducer amplifier. The resulting signals (for accelerometers) will usually
have a sensitivity of 10 mV/g. If oscillogruphic recording is required, power
amplification is necessary to provide sufficient cusrent to drive the galva-
nometers and to mateh their impedance. If magnetic tape recording is required,
voltage amplification is usually necessary to obtain 4 satisfactory signal-te-nolse
ratio for later data processing.

Much of the signal conditioning equipment developed in recent years in-
cludes, in addition to a fixed 10 mV/g (often called the servo) output and a
meter indicating the g level, the current and voltage amplification channels
required for recording applications. Each of the latter two has a gain control
permitting adjustment of the analog sensitivity of the recordings. However, on
most such instruments there is a meter range switch which also affects the
amplitudes of the recorder outputs.

Oscillographic Recording

In the early years of vibration testing, direct readout recorders could be used
only for low-frequency data (to about 200 Hz). To capture higher trequency
data it was necessary to use recorders writing on photographic paper, which
required later darkroom developrent and drying before the records could be
read. Considerable skill and a measure of luck were prerequisites to obtaining
complete and readable duta; the delay between test performance and analysis
was frustrating and often costly.

With the advent, in the early 1950%, of the dirsct readout oscillograph with
considerable latitude in light beam intensity, realtime recording of vibration fest
data became a fairly routine operation. Unfortunately, the relative simplicity of
the technique makes it as easy to misapply as to use co:rectly. A wide range of
glvanometer types is available with diflsrent drive current, impedance, and
nominal frequency response charuacteristics. The latter two are interdependent in
the sense that the nominal frequency response is obtumed only if the drive
amplifier matches the galvanomerer impedance. It is obvious then that the
galvanometer and drive amplifier ideally should bz matched to the job: i.e., they
should be selected wn the busis of data frequency response :2quirements. In
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practice, the current amplitier channel of the usual signal conditioner has a {ixed
output impedance which may or may not match the requirement for the
galvanometer used. Therefore an impedance matching device should be in-
serted between the currert amplifier and galvanoreter. The device may consist
of a simple passive impedance transforming network or an isolatinn amplifier
designed for the purpose; the latter is preferable since it ussures sufficlent
galvanometer drive without signal limiting due to saturation of the current
amplifier.

As has been noted earlier, the value of the data is impaired if the user cannot
relate the records to time and frequency. This information can be approximated
by operator annotution of the record with chart paper speed initially, and sweep
frequency (for sinusoidal test) often enough to allow later interpolation, The
better method is to record frequency coding on a chunnel of the oscillograph.
Commercial equipment s zvailable for this purpose; essentially it is a counter
with serlal output of four ten-step dc staircase voltages, with each staircase
representing u decimal digit from 0 to 9. Thus, frequencies from 0 to 9999 Hz
can be coded und recorded. If an IRIG time standard or generator Is available
with an IRIG C (“slow code™) output, coded time can also be recorded
autormatically on the oscillogruph. Many osciilographs make internal provision
for placing 1-sec or 0.1-sec timing lines on the record. Fig. 6-1 shows a sample
record with both frequency and time codes.

9 =
Mg —_— - — L X
> o ’ . " - — —
14 3 - 3 ¥
o v s a) p— mn f ! — -
- > o et 1_ — + - - T
3 - '~UNIT 5H2) ————— =
7000 2§ M- UNITS (8 Hz : —
100"y ——— TENS
5.0 SEC -3

oesee SIMULATED VIBRATION DATA {FREQ CODED ABOVE)

—=ENvR=eRe =B

o Y

BT

F == START OF
= LMIN TIME S .

1= ~ODE FRAME ==\ . 9 = THOURS - 18~ J=- - ==
foro.To D

—TIME = 1600 18, 7 JAN.

ig. 6.1. Sample owillographic record with trequency and time coding.



174 SELECTION AND PERT'ORMANCE OF VIBRATION TESTS

Magnetic Tape Recording

There ure three basic techniques used for tape-recording vibration data:
dire:t, frequency modulation (FM) and frequency division multiplexing (an
extension of FM). With the first technique, the analog signal is recorded directly
on tape with format unchanged. For a given tape speed the high-frequency
response is considerably greater than for the other two; however, low-frequency
is degraded below SO to 100 Hz and flatness of response depends upen the
precision with which record and reproduce equalizing is applied. In FM record-
ing, the amount of carrler frequency devistion is proportional to signal ampli-
tude and the rate of deviation is determined by the frequency content of the
signal. Frequency response is reasonably flat from zero (dc) to an upper
frequency which depends on tape speed, carrler frequency, and the signal-lo-
noise ratio (S/N) that can be tolerated. Table 6-1 illustrates the relationship of
these parameters for various IRIG standard recording systems,

In frequency division multiplex recording, each signal to be recorded on a
tape track is fed to a separate voltage-controlled oscillator (VCO). Each VCO has
a different zero-signul trequency which is deviated (frequency modulated) by its
input signal. The modulated carriers are then mixed and direct recorded on tape.
Special demultiplexing equipment is required to separate and recover the indi-
vidual data signals for processing. The number of channels that can be recorded
on a track {s a complex function of recorder characteristics, tape speed, duta
bandwidth per channel, permissible noise level, ete. The technique was derived
from a method originally developed for telemetering flight test data to ground
stations; consequently, much of the information in the literature (e.g., Ref. 104)
cannot be applied easlly to the task of recording laboratory test data, However,
the technique has been applicd to the alrborne recording of captive flight
environmental data, Two such cases noted below for captive missile flight give a
partial indication of the amount of data that can he recorded on a single tape
track.

1. Seven channels of data with nominal frequency responses of 500 Hz in
four channels and 2000 Hz in three channels (Ref. 105).

2. Five channels of data with nominal frequency responses of 300 Hz in two
channels. 500 Hz in one channel, and 2000 Hz in two channels (Ref. 106).

Given an extended bandwidth recorder and reascnable care in applying the
technique, it is possible to place 8 to 10 data channels of 2000-Hz bandwidth on
one tape track. The basic limiting factor is noise in the higher frequency carrier
channzl outputs. For constant data bandwidth, the maximum carrier deviation is
the same for each channel; thus, with increasing carrier frequency, the percent-
age of deviation and the demultiplexing discriminator full-scale output become
progressively smaller, so that relative noise in the discriminator outputs becomes
progressively laiger.

The maximum signal amplitudes that can be handled in direct recording vary
widely, depending on the individual recorder and electronics. In general, it may
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Table 6-1. FM Record/Reproduce Frequency Response vs
Tape Speed (IRIG Standard)

Standard Bandwidth (BW) Extended Bandwidth (BW)

(IRIG Low Band) (1RIG Intermediate Band)
Tape

Speed Carrier 1.0dB RMS | Carrier 1.0dB RMS
(ips) Freq. BW S/N Freq. BW S/N
(kHz2) (kHz) (dB) | (kHz) (kHz) (dB)

120 108 0-20 51 216 040 49
60 54 0-10 51 108 0-20 49
30 27 0-5 51 54 0-10 49
15 13.5 0-2.5 s1 27 0-5 49
7.5 6.75 0-1.25 51 13.5 0-2.5 49
3.75 3.375| 0.0.625 49 6.75 0-1.25 47

Double Extended Bandwidth Extra Bandwidth (BW)
(IRIG Wideband Group 1) (IRIG Wideband Group 2)

Tape Carrier 1.0dB RMS | Carrler 3.0dB RMS
Speed Freq. BW SIN Freq. Bw S/N

(ips) nl (kHz) (kHz) {dB) | (kHz) (kHz) (dB)
120 432 0-80 49 900 0-400 K]
60 216 0-40 49 450 0-200 32
30 108 0-20 48 225 0-100 30
15 54 0-10 47 1125 0-50 28
1.5 27 05 47 5625 | 025 26
375 13.5 0-2.5 45 28,125 | 0-12.5 26

be assumed that much laxger signals are possible in the direct mode as compared
to the FM mode. For the FM recorder, maximuin signal amplitudes are limited
by the modulation technique rather than by the characteristics of the head
conflguration and recording media. Normally, the maximum frequency deviation
of $49 percent is equivalent to a maximum signal excursion ot about £1.4 V. If
these limits are exceeded, discriminator operation becomes nonlinear and un-
predictable errors will be introduced into the processed datu.

Regarcless of the recording mode used, the acquisition process should include
the following basic steps:

1. In a tape log sheet should be entered information sufficiently detailed so
that the data on each track can be identified unambiguously for later processing.
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certaln types of general information (e.g., test item, test axis, date, time of day,
etc.,) are often voice-annotated on one of the tape tracks. There are advantages
to this which must be weighed against the loss of vibration data recording
capicity.

2. Shortly before the test is started, u reference, or calibration, signal should
be recorded on each data channel, These signals must be related to the system
analog sensitivity oi cach instrumentation channel. As a typical example, a
sinusoidal signal of 1.0 V rms might represent 10.0 vector g's.

3. After start of test, if range switching Is required because of unexpectedly
high or low signals in one or more data channels, the direction, amount, and
time of change must be entered in the log unless some schame for automatic
range coding is being used. The latter Is available as an option with some signal
conditioning equipment. It should be noted, however, that part of the dynamic
range is lost thereby.

The importance of these steps cannot be overemphasized since the validity of
all subsequent data processing will depend upon the accuracy of the reference
signals and pertinent notations on the tape log.

To minimize test support costs, It is common pructice to reuse magnetic tape
after data processing s completed. In theory the tape recorder either provides
for erasure prior to recording (direct) or erases as it records (FM); however, the
process often leaves a vestigial imprint of the prior record which shows up as
unwanted noise in the new record. For this reason it is recommended that bulk
degaussing be applied to tapes before reuse; the required equipment is com.
merclully available and relatively inexpensive,

The fidelity with which the duta are recorded and later translated buck into
meaningful forms during processing also depends on (1) the care used in
alignment of record and reproduce electronics, (2) proper alignment ot the tape
transport and heads, (3) cleanliness of record and reproduce heads and (4) the
quafity of the tape. The first factor applies to each use of the recorder and the
next two are preventive maintenance factors. The last fuctor places u limit on
tape reuse: further definition is impossible since it depends on original tape
quality, tape handling und storage, the specific recorder(s) on which it is used,
and the quality of preventive maintenance.

The separation and identification of test phenomenu during data processing
are simplified greatly if a time code data channel his been recorded; the IRIG B
code is ideally suited for the purpose. It should be recorded directly, if possible,
to llow use of tape search and controt equipment. There are other supplemen-
tary duta which must be recorded on tape to reduce costs or increase the scope
of data processing. In the following paragruphs, these additional requirements
are described for particular ty pes of tests. '

1. Sinusoids tests. As a general rule, the sweep oscillator vutput should
always be recorded on one data channel of each tape. It will be needed for
measuring relative phase and for tuning the tracking filier(s) for transmissibility

. e e
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measurement. 1If a filtered sweep s used, recording the output of the tracking
filter will reduce the complexity and cost of transmissibility measurements
because only one tracking filter is then needed for data processing. If signul
selection is used, a code identifying the controlling channel should be recorded if
available,

2. Swept or stepped narrowband random tests. There will be one or more
tuning or control signals which must be recorded for later use in datu processing.

3. Pulsed oxcitation tests. As will be seen in Section 6.3 (page 186),
processing the data from these tests is greatly simplified if two added informa-
tion channels are recorded: the pulse train source and a code identifying the prf.

6.2 Data Preprocessing and Editing

Data preprocessing and editing are those procedures used to modify and
select, tespectlvely, the analog datu signals recorded during test prior to the data
processing procedures which transform the unalog signals in some other form.

Preprocessing procedures ure applicuble primarily to tape-recorded data but
muy be appiied (sometimes inadvertently) to oscillographic records. For
example, If datu above some frequency, say 1000 Hz, are not required for test
evaluation, low-pass fliters might be inserted in the inputs to the oscillograph.
The resulting records are easler to read with the unneeded freyuency content
removed. A similar effect can be achicved by the use of galvanometers that have
limited response characteristics, but frequency rolloff will be much more
grudual. If the sighal amplitude at the test excitation frequency is to be directly
readable (without Fouricr analysis), narrowband filtering must be applied
before oscillographic recording. It is likely to be more economical, however, to
tape record the test data, and filter and generate oscillograms after the test is
complete. Similurly, data may be preprocessed by filtering before being tape
recorded. This procedure should be avoided except under extraordinary
circumstances since it can be effected so easily during processing of the taped
data.

Editing is defined as the procedures used to locate wanted data in the records;
to identify corresponding parameters such as time or frequency bounds, sensi-
tivities or scale factors, data sources, ete.; and to provide “quick-look™ data
presentation. The basic editing tools for taped data are the oscilloscope and
oscillograph used in conjunction with the tape log and supplemental recorded
data. Preprocessing such as filtering may be applied also. It is often desirable, if
it was not done during test, to record a time code before duta editing. If data
volume is large or extensive processing is required, it is good practice to dub
working tapes from the originals to avoid data degradation us a result of tape
wear, If analog processing is to be applied to short sequences of test data, the
corresponding tape segments must be cut and spliced into loops permitting
iterative playback. High-quality splicing is required to minimize the Introduction
of spurious signals as the splice passes the reproduce head.
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6.3 Data Processing and Presentation

Data processing and presentation are most convenlently treated as one subject
because they are often insepuruble functions. Except for the first subsectlon,
which deals with factors elther applicable to duta processing in general or reluted
to multi-use processing equipment, the material is discussed separately for the
severa] types of tests.

General Considerations of Accuracy

For the purposes of this discussion, accuracy is a term used loosely to
encompass factors which: the purist will insist on separating into cutegories such
as precision, accuracy, resolution, ete,

The first thing to be noted here Is that, since there are bound to be certain
limitations on duta quality Inherent in the ucquisition procedure, processing
accuracy requirements should be reasonably related to these limitations. For
example, it is senseless and unnecessarily costly to require 0.1-percent processing
aceuracy for S-percent datu.

Most laboratories are subject to quality assurance requirements for perlodic
calibration checks and certification of some of the instrumentation used for data
processing, Use of such equipment when it {s neuar or beyond its recalibration
date I5 poor practice unless the validity of processing results cun be demon-
strated unquestionably.

The following paragraphs identify, by types of processing functions or
equipment, general factors affecting accuracy.

1. Mugnetic tape reproduction. Assuming that the precautions cited on
pp. 174-176 have been duly observed, preservation of data quality in processing
first requires careful wlignment of reproduce efectronics, Next, the analog sensi-
tivity of the data must be determined from the reference signal and tape log.
These steps must be performed with all equipment that will be used connected
into the processing system to avoid the introduction of errors due to loading
effects.

2, Tracking filter. This device is a common primary element in test data
analog processing for phase and transnissibility measurements, wave analysis,
power spectral density estimates, ete. For every such use, the following pre-
cautions should be obseived:

(u) The filter bandwidth should be selected to mateh duta and processing
requirements. For example, if random test data ure being processed, required
sweep and detection times increase with decreased filter bandwidth to permit
the processing system to respond to changes in the power spectral density of the
data signal.

(b) Instructions for slignment should be followed completely and care-
fully. This innocent-uppearing Instrument s a very complex device which
performs poorly if not properly adjusted.
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(c) Final system sensitivity measurement (and adjustment, if necessary)
should be made with all input, output, and monitoring equipment connected.

3. Miscellancous. Other equipment commonly used, such as xy plotters and
log converters, present potentiul problems. For these and other equipments, the
arrungement for range changing or gain/uttenuation setting is often such that
interfuce impedances ure changed also. For this reuson, once the final processing
system alignment and sensitivily ure determined, no changes in range, gain, etc,,
should be made without rechecking system anulog sensitivity. An additional
factor applicuble to most prucessing equipments is related to their dynamic
range, In general, for any given application, there is an optimum operating
reglon; if signal amplitudes are consistently low or high relative to optimum,
errors may be introduced due to unwanted nolse or signal limiting, respectively.

Sinusoidal Tests

Real-Time Processing. On-line uscillogruphic recording of unmodified data
signals is a common form of treatment for data from elther filtered or untiltered
swept sinusoldal tests, This Is obviously little more thun data ucquisition. but the
records, suitably annotated, are often the nearest the test duta comes to being
processed. The procedure may be adequate for many tests with the limited
objective of determining If the test Item can survive, in physical or functional
terms, exposure to controlled vibration levels. However, if the test item fails or
exhibits anomalous behavior, an explanation is usually sought in the recorded
data. If the test control signal was unfiltered, analysis of test item behavior is an
impossible task unless very fast churt puper speed was used; in the latter case, the
physicul record length may require adjournment to the nearest long corridor for
visual and manual analysis! For all but the most routine unfiltered sweep tests, if
the duta cannot be tape recorded, it is recommended thut the fiitered (in
addition to the unfiltered) control signal be recorded on e oscillograph. Fig.
6-2 diagrams a typical setup for doing so. The second output of the tracking
filter shown is availuble as a standard option and is recommended also for its
diagnostic value. It is vommonly called the sine refect output und Is a broadband
signal with the sweep excitation frequency notched out,

Figure 6-2 alsu shows the alternative use of a dual-channel xy plotter for
recording the processed control signal; this tigure is an example of such prog-
essing. Two plotters can be substituted if o dual-channel device is not available,
This is a particularly useful technique for the single-sweep test but may be used
also tor periodic sumpling of the multisweep test. The x-uxis log converter
permits representation on standard log gtaph paper. The y-uxis log converters
serve & dual purpose: detection of the duta signals and increaseng the dynamic
range of signal amplitude presentution. If linear presentation is required, de-
tectors and plotter drive amplifiers must be substituted for the log converters.

Limited on-line transmissibility plotting may be performed also it the
appropriate equipment is available. Figure 6-3 diagrams the preferred method
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Iig. 6-2. On-line data processing, swept sinusoidal test (unfiltered).

which ratios amplitudes at the fundamental sweep excitution frequency only for
a iespunse signal and the control signal, respectively, For a filtered swept
sinusoidul test, the tracking filter shown in the control signal path is the one
which s used for test porformunce. A ratio of the signuls is obtained by simply
reversing the polurity of one of the log converters,

Other trunsmissibility techniques, which do not discriminate against the
lirmonic-distortion content of the signuls, can be used. Specialized plotting
devices are avallable, or u multiple signal oscillographic recording method |107)
cun be applied. However, the meaning of the ratio of two signals which have not
been filtered Iy, to say the least, unclear.

Taped Dats Processing. The simple processing described in the previous
section can, of course, be applicd (o all tuped duta. The resulting records can be
made much eusier to vse in the analysis of test performance, since the editing
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Fig. 6-3. Transmissibility plotting, tracking filtor method.

technigues on page 177 may be applied also. For the filtered swept sinusoidal 4
test, if the filtered signa! was not recorded, transmissibility plotting re¢ulres the
setup dingrammed in Fig. 6-3. If the filtered contiol signal was recorded during
test, une tracking filter can be eliminated and the reproduced contro! signul fed

dicectly to the correspunding log converter.

Sinusoidal Plus Random Tests

It is improbable that the tape programming method (see pp. 154-156) will be
used if a tracking filter §s uvailable. Therefore, processing optians for such test
data, whether tape recorded or not, are likely tu be restricted 10 the simple
expedient of outputting the moadband signals on a plotter or an oscillograph as
u funciion of time. It is conceivable, however, thut tape-recorded data might be
processed ut another time or place wheve o tracking filter is uvailuble: in that case é
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the technique described In the next paragraph may be apple if a constunt-
amplitude sweep frequency signal has been recorded for tracking filter tuning.
The recorded sweep excitation signal usually will be unsatisfactory for the
purposé because its amplitude varistions at some frequencies will exceed the
allowable range for relinble tracking,

On-line data processing for the test using the tracking filter method (page
156) 1s diagrammed in Fig. 6-4. Two busic graphic presentations are generated: a
plot of power spectral density averaged over the equalizing filter bandwidths,
and a plot of sinusoldal umplitude vs frequency. Only the control signal cun be
processed on-line unless the test luburatory fs blessed with both multiple truck-
ing filters und Xy plotters and spare cqualizing systems. The second output (sine
reject), which is shown connected to the xy plotter via the mean-square de-
tector, Is 10 option which may have diagnostic value if test control anomalies
oceut. The tracking filter shown is, of course, the sume one used for test control,
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I'lg. 6-4. Sinusoidal plus rundom fest data processing.
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For processing tape-recorded data, the only difference Is that tracking filter
inputs come from the tape recorder rather than from test control equipment.

Broadbcnd Random Tests

Processing of data, either on line or from recordings, obtained during random
vibratlon tests entails what is generally known as spectral analysis, The type of
spectral analysls performed will be very dependent on the equipment available
and the intended use of the data subsequent to processing. Chapter 2 contuins
discussions of some of the parameters which must be considered in selecting the
spectral unalysis method, particularly the fllter bandwidth to be employed. In
this section and following sections regarding spectulized random vibration tests,
it will be seen thut there are two categories of spectral analysis, The first is that
carrled on continuously within the vibration test equipment in urder to contral
the test. It is only necessary tu read out the spectral values at un appropriate
time. The second is that carrled out cither during, or more often, after the
conclusion of the test, using an availeble spectral analyéer which is not un
integral part of the vibration test equipment. The spectral unalyzers can be
clussified as constant-bundwidth (swept filter, constant-percentage bandwidth)
comb filter, and speciul purnase. The following subsections briefly describe the
use oi these types (or categories) of spectral analysis for broadbund random
vibration tests.

Equalizec-Analyzer  System. Most random vibration equalizer-analyzer
systems ptresent u continuous visual displuy of the spectral density in each
equalizer channel, In sddition a scanner or commutator which samples a voltage
representing the spectral density in each channel is included in the system.
Figure 6-5 lllustrutes the equipment necessary to obtain an Xy plot of this
spectrum, Of course, tape recordings of random vibration signals can always be
played buck through the analysis section to perform this type of analysis,
providing the signal is attenuated to obtain the normal 10 mV/y sensitivity.

Constant-Bandwidth, Swept-Filter Analysis. This type of data reduction may
be performed on line or by using tuped records. It is usually accomplished by
effectively swoeping a filter across the frequency range of interest, but s
sometimes done Ly stepping the filter incrementully. There wie various equip-
ments such as tracking filters, wave analyzers, and other speclalized instruments
thuc may be used for the purpose. A typicul processing setup is diagrummed in
Fig. 6-6. Regardless of the equipment used, there are three busic factors to be
considered.

1. In choosing the filter bandwidth, v must be remembered that both the
allowable sweep und the muximum theoretical accuracy afe limited thereby;
sweep rate because of filter response und detection time constraints, and
accuracy because there Is an inherent statistical error which is a tunction of
bandwidth and sampling time [32,108].

e
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I'ig. 6-5. Broudbund random test data processing, on-line.

2. The etfective bandwidth of the filter must be known in order to ulign the
system properly unless an accurate reference noise source is avallable,

3. The filter sweep rate and detection time constant must be chosen carefully
to minimize *‘grass” on the plot and still maintain the ability of the system to
respond to variations with frequency of the spectrul density [103] .

If the equipment is avallable, digital detection and processing of the filter
output can be performed. The procedure is particularly attractive if the system
provides fos digital incremental plotting, since a lurge duta volume can be
processed rapidly into its final presentation formut. However, there are pro-
gramming complications and uncertainty in frequency determination if the filter
is swept; for these reasons, It is recommended that the filter be incrementully
stepped for digital processing.

Constant-Percentage-Bandwidth, Comb Filter Analysls. When constant-
percentage bandwidth analysis is desired, swept-filter processing is not
reconimended sitice economical technology, which maintains filter quality and
also allows continuous bundwidth change, does not yet exist [108)] . The obvious
alternative is to use u combination arrangement of fixed-frequency filters over-
lupping so the response curves tor adjacent filters intersect upproximately at
their =3 dB points. An early version of this technique [109] was a bit cumber-
some, since a single detector had to be switched to each filter output in turn and
the resulting duta logged for later sculing and plotting. However, it represented a

-
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Fig, 6-6. Broudband random test data processing, swept-tilter method,

considerable improvement over previous methods since it provided the capability
for estimating amplitude distribution as well as spectral density. 1t was obviousty
impractical to use for on-line duta processing.

To overcome the disadvantages noted above and to permit timely provessing
of lurge quantities of test data, the simultancous detection of filter outputs and
the sutomatic scaling and out putting of processed datu are required. The method
evolved in response to this need in the nuthors' luboratory s hased upon use o' u
hybrid system {1]. The analog section contains 10-percent bandwidth filters
(covering the nominal frequency runge of 20 to 2650 H2) and the amplifiers,
etc,, required for impedance matching, gain adjusument, and isolution. lts out.
puts are connected, via multiplexer and analog-to-digital (AD) converter, to a
snmull general purpose computer system which includes digital tape recorders and
an incremental plotter. Signul detection Is performed in the computer und the
multiplexing and AD conveision rates are sufticlently high to allow cifectively
simultaneous detection. The computed power spectral densities are recorded on
digital tupe for subsequent outputiing {listing or plotting) or further processing
(sce pp. 188-195). With a modcrately large data volume, say 12 or more data
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sequences, processing rates (raw data to report-quality plots) of six per hour are
achieved casily.

If the frequency range of interost for data to be processed exceeds the range
of a fixed{requency filter system, the taped data can be played back at a
different speed {or processing. The relative speed chatwe shifts the effective data
frequency up or down (for increased or decreased speed, respectively) by the
speed change ratio. However, it should be aoted that an artificially changed
signal analog sensitivity must be used if correct answers are to be obtained. This
may be explained most easily by considering what occurs in a limited energy
bandwidth on the tape record. For example, assume there exists in the data a
bandwidth B of energy with uniform spoctral density W and an rms value o; then
¢ = WH. If the tape is played back at twice the speed, it will be found that o

‘remaias unchanged but, since the bandwidth is now 28, the computed spectral

density would e 0.5W if no sensitivity adjustrent were made. Therefore,
computed spectral densities must be scaled by multiplying then: by the ratio R
of the record to playback speeds. This is equivalent o multiplying the original
tape signal analog sensitivity by VR,

Special Purpose. Ondine digital data processing is concomitant to the digital
control method noted on page 160, and a hybrid technique is described in
Refs, 110 and 111. Taped test data can be processed also by AD conversion and
applying digital filtering or one of several transform algorithms. Various forms of
digital analysis ere possible: spectral, correlation, statistical, ete. [33,112,113].
Some of these types of analysis can also be accomplished using specialized
analog or hybrid methods [114,115].

Swept or Stepped Narrowband Fandom Tests

Ow-line processing for data from these tests can consist of little imore than
sorne form of continuous graphic recording of detected control filter outputs
and analogs of the filter tuning signals. Fig. ©-7 shows a typical selup for this
purpose. For the stepped narrowband test, two additional uptions are availatle
under the following conditions. If filter frequency-shift markers are recorded
on the program tape, the detected outputs can be plotted on an Xy plotter for
gach filter position in turn. Figure 6-8 diagrams a setup fcr doing so. The
scanner outpnt of the equalizing system can also be ploited (see Fig. 6-5) tc
document the spectral density outside the narrowband excitation.

The foregoing methods can be applied directly to taped data hy playing the
broadband signal back through the narrowband programming system, providing
that all filter control sigrals and frequency-shift markers have been recorded.

Pulsed Excitation Tests

Definition of the vibration conditions during the pulsed excitation tests
described on pp. 166-167 requires processing to determine the amplitudes of the
fundamental frequency and a sufficient number of harmonics of the periodic
signal for each of the prf’'s employed during test. The swept-filter analyzer
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Fig. 6-7. Swept or stepped narrowtand random test data
processing, continuous.

system shown in Fig. 6-9 may be uscd to analyzc a segment of the recorded
signal at each prf by using tape loops. The amplitudes of the harmonics can be
tabulated from the xy plot. If random vibration is alto present, the xy plot can
be used as an approximate measure of the acceleration spectral density in the
frequency bands between the harmonics, providing allowance is made for the
filter bandwidth characteristics.

The above method is time-consuming, i.e., expensive, aad results in a large
number of xy plots which, strictly speaking, should be conveited to line spectra
plots or tabulations. Again, a comb filter can be used to avoid the necessity
of making tape loops and to obtain all the harmonics with one passage of
the recorded d:ta, provided only one harmenic of inierest is present in tlie
bandwidth of any filter, The hybrid analog-digital system described on page 185
can be modified for application to thuse test duta, if certain supplemental
information is recorded on the tape. The additional required data are the
pulse-train excitation source and a pi1f code. The method provides for self-
calibration of the processing system just prior to its use; i.e., the correct gain
fuctors are calculated for ezch prf for the filters containing i1 their passvands the
fundamental and the required harnwalcs. These celculations are performed by
the coraputer and are possible because the ratio of pulse width to pulse period is
maintained constant for all prf’s; consequently, the relative amvlitudes of vulss,
fundamental frequencies and harmeonics can be predetermined and entered into
the computer progiam. The self-calibration eliminetes any p;ohlems due to
sinor frequency shift or drift anywhere in the test control, recording, or
playback sequences, since the gain fastors are celculaied for the actual playback
data frequencies. Processed data are recorded on digital tape for subsequent
outputting or further processing. The normal output isa tabulation of harmonic
umplitudes for eact prf as shown in Fig. 6-10.
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DETECTED
SIGNALS
MB NO. 1 _
NB NO, 2 "%N—D Y LOG
CONVERYER
R

NE NO. 3 '
—_— _ >0 I
TUNING SIGNAL NO, 1 _f\ !
TUNING SIGNAL NJ. 2 1(\?\o__’ X LOG

~ CONVERTERT™ |
TUNING SIGNAL ). 3 —»0 |

oc: I

FREQUENCY |

FREQUENCY SHIFT MARKER PLOTTER

» CONTROL

PLOTTER PEN CONTRQL —ﬁ

—)
X-
PLOTTER

Fig. 6-8. Stepped narrowband random test data plottin,

6.4 Special Topics

It was suggested in Chapter 2 that a common weakness in the design of
vibration test experirnents is the lack of consideration of requirements for the
later analysis or evaluation of the data after iniiial processing, i.e., the cerebral
processes. It is not unfair to suggest that the design of datu analysis ‘‘systems”
often displays a similar weakness in that the “‘system™ stops at the point that the
processed data are displayed on a cathode ray tube o an unlabeled xy plot. The
material in this section describes some specialized processing applications of test
data which have been found to be very useful. The descriptions are included to
illustrate the potential of such specialized processing during the test evaluation
phase. However, these methods depend on the availability of the results of initlal
processing on digital tape or hoilerith cards and, of course, access to a digital
computer. A data unalysis system such as described on page 185 [1], wiuch
outputs data in this format, is particularly convenient. Bozich [116-118] has
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ACCELEROMETER

SIGNAL (EFROM FILTERED
TAPE) TRACKING DETECTED Y LOG
> FILTER CONVERTER

|
L —(FOQRLINCAR,,
AMPLITUDE PLOT)

"~ XLOG
P CONVERTER _'l

SWEEP
OSCILLATOR '

X
PLOTTER

l—
—

)

Fig. 6-9. Pulsed oxcilation test data procesring, analog.

described ~imilar data processing methods developed fo: test progiams in which
the sheer volume of test data required more efficient processing and evaluation
of test data thar has been traditional.

Random Test Data

The processed s5)-ectral records accumulated from one or more tests can be
reprocessed in several useful ways after they are ‘encoded »n digital tupe. Five
basic types of routine data processing have been devcloped for use in the
authors’ laboraiory; they are

1. Average and/or envelope of N spectra. Three different outputs are avail-
able: a plot of high, low, and average values (Fig. 6-11); a teletype (TTY) listing
of high, low, and average values (Fig. 6-12); or a TTY listing of high and low
values along with identification of the spectral records containing each (Fig.
6-13).

2. Ratio of two spectra. A sample plot for squared transmissibitity Is shown
in Fig. 6-14. An option to plot the square root of the ratio, i.2., rms trans-
missibility, is available, as shown in Fig. 2-11,

3. Multiplying spectra by a constant or multiplying two spectra.

4. Computing the mean, standard deviation, and variance for N spectra. Fig.
6-15 shows a TTY listing for such computations for 350 spectra used to establish
system gain and effective bandwidth constants,

5. Conversion of acceleration spectral de=nsity to, for example, displacement
spectral density.

. S A2 .
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GUNFIRE VIBRATIUN DATA ANALYSIS

HIGH G.F. RATE

HAKMONICSS

107.6

MEAK G 'S

106.2

+28804E+01
+A60TIE4QL
«65996E+01
+A2827E+01
«36352E+01
«66250E401
+54509£+01
+24500E+01
«43561E+0|
2 11I3E+0I
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«24706E+0!
«44866E+01
«58800E+01
+T26U6E+0I
+39512E+01
+AT61AE+Q]
«A8022E+01
21691401
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WSTIT4E+0Q)

o1 1B6E+02
10721402

MEASUR LD BROADEAND

L26957E+01
+41001L+01
.37505E+01
338 76E+01
«29652L 401
«955817E+0]
+60025E+01
233180E+0I
«33181E+01
242 79L 401

-11847E+02
«10544E+02

23823401
«45206E+01
+62748L+Q1
=578} 7E-01
+33690E+01)
+49483E+01
+35B59E+0)
+53583E+01
W29141E401
447276401

11854+02
«10608£+02

REC. N6. 0306 YEAR 1970
BROADBAND? RMS G°'S
PRF'S
104.8 103.4 10¢.1
12 4425E+0) +24309E+01 «25139:+01
«33851E401 +38037E+01 «39771L+01
+49076L+01 312076401 «24002k+01
22BAlL+0! «43163+01 0 47275L+VI
«83630E+01 «33191E+01 «46730L401
+536338L+01 «32530e+01 «47684L40]
«S1198L+0I 280 76BEL+01 «30187+0!
3 T326E+01 4499 LE+QI +540 728 +01
«4083 7L +01 «4882TE+01 » 20876401
+4266Bc+0) +47021L401 092992k 401
« 1 1 GOBE+02 L1 T95E402 o 11854e4+02
105046 +02 +1064BE+02 «10646L+0U2
PRF'S
9B .2 96,9 99,6

»29 T28E+01 ,28973E4Q1 «26027E+0)
S1TSTEHO) 491 I9E+D] «45743E401
637768401 «60254E+01 +62347e+01
«55403E+0] «32156E+01 9241 17E+01
«42562E+01 +46560E+01 «94939E+01
«A4107E+01 4483 1E+0! «98666E+01
«4B32TE+01 «319T7E+0! «38065:+01
+49 1 62E+0) «J4ABR4E+0I «41555e401
«36376E401 «J31672E401 +19B46E+0]
#5999 4E+0] +34559E+01 «41944E+0I
4 1862E+02 J1796E+02 +12024E+02
+10321E 402 «10414E+02 « 10752402

(ALL HARMONICS PLUS BASE NBISE)

RMS BF LINE SPECTRUM (1O HARMANICS oMLY

Fig. 6-10. Typical telstype printout of gunfire vibration test data analysis.
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Fig. 6-12. Average and envalopoe of three spectra.
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58,36
64,42
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- 77,93
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272 .4
244.6
265.1
295.0
32%.6
38,2
394,0
‘33.‘

476.7 -

904, 4
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Fig. 6-13. Envelope of three spectra and identification of source spectra.
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CH.  FREQ.
0l 20,50
02 22.%49
03 24,94
04 27,32
0% 30.0%
04 33.06
07 36,36
08 40.00
09 44,00
10 48,40
1 53.24
12 58, 56
13 64.42
14 70,96
15 77.99
16 g8, 74
i7 94,32
18 105.8
19 114,1
20 125.5
2| 138, 1
22 151.9
23 167, 1
24 183.°9
2% 202,2
26 222.4
27 244,68
8 269,
29 296,0
%0 325.6
31 3%9.2
32 5%4,0
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34 476,7
35 524, 4
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3z §98.0
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a0 845.,0
4l 29,5
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52 2691,
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Fig. 6-15. Mean, standard deviation and varlance for 350 spactra
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Respense-Limited Tests

Efficicnt execution of the response-limited test described on pp. 167-168
depends on rapid computer processing of test data from each iterative step.
Reference 1 describes the use of a computer to compare the response und
control spectra, 1o caleulate the input adiustments, and to output corresponding
instructions to the test operator. Waiting time between test iterations has been
reduced to sbout (wo hours for a test requiring control at 12 to 15 response
locations. Traditional processing for such a test would require at least two days.

Deterministic Test Data

The processing methods {ilustrated above for random test data are cqually
appliccble and desirable for Aetermimistic test data, whether from a swept
sinusoidal test [116] or from a pulsed excitation test. However, techniques for
the conversion of such test data to digital form for evaluation are not presently
well established. The applicability of these methods to the processing of data
from modal tesis and impedance measurements and for the comparison of
analytical and experimental results is self-cvident.




APPENDIX A
GLOSSARY OF ABBREVIATIONS AND SYMBOLS

AD Analog lo digital

b Measure of slope of endurance (0-N) curve

B,B',BW Bandwidth

¢ Materlal constant, viscous dunping coctficient

CRO Cathede ray oscilloscope

D Specific damping energy, damage coefficient

D Damage coefticient for constant cyclic loading

Dy Total encrgy dissipated

L Damage coefficient for random loading

D Damage coefficient for sweep frequency sinusoidal loading
e Nomnalized standard error, 2.718 .. ..
E Energy

E Encrgy dissipated in sinusoidal dwell

E, Energy dissipated in random motion

E, Energy dissipated in sinusoidal sweep

f Frequency, in hertzes

f, Natural frequency

[£] Absolute value of time rate of change of excltation frequency

F,, F(t) Forcing function

FM Frequency modulation

g Acceleration of gravity

G Fraction of steady state response

h Linear sweep constant

H Aniplification facter

H(iw) Frequency response function

i Anindex, V-1

IRIG Inter-Range Instrumentation Group

J Material constant

k Spring constant

K Arbitrary constunt, fraction of steady state response

K, Proportionality constant between stress and vibration

m Mass

n Exponent of damping stress relationship. an index, vumber of
channels

1 Number of cycles at stress level i

N Number of cycles, number of occurrences

NSD Loss-of-signal detector

p An index denoting peak value
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p( )
prf

PSD
P()

SELECTION AND PERFORMANCE OF VIBRATION TESTS

Probability density function
Pulse-repetition frequency

Power

Power spectral density
Crmulative distribution function
Normal coordinate

Peak amplification or quality factor
Frequency ratis (w/w,,); an index denotitig random
Root mean square

Response quantity, slope of spectral density curve
Base motion coordinate
Signal-to-noise ratio

Peak displacement of excitation
Peak acceleration of excitation
Equivalent stress

Single degree of freedom

Time

Transmissibility, observation time
Time division multiplexer

Time of sinusoidal dwell

Time of random test

Time of sinuscidal sweep
Teletypewriter

Coordinate

Vollaga-contiolled oscillator
Input motion

Velocity spectral density
Vacuum tube voltmeter

Total strain energy

Acceleration spectrai density (32 /Hz)
Absulute motion coordinate
Displacement spectral density
Relative motion coordinate

Mean square relative velocity
Mecan square relative acceleration
Input impedarice

Qutput impedance

Logarithmic sweep rate
Increment of time

Fraction of critical damping
Sweep parameter

Random time function

31415, ..

Stress levei, rms level
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GLOSSARY OlF ABBREVIATIONS AND SYMBOLS

Time delay

Eigenvalue

Phase angle

Circular frequency in rad/sec (w = 2rf)
Natural frequency in rad/sec
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APPENDIX B
USEFUL EQUATIONS AND RELATIONSHIPS

B.1 Pgoot Mean Sauare of PSD

The following equations provide solutions for the root-mean-square (rms)
magnitudes {acceleration, velocity, displacement) of acceleration spectral density
spectra described by straight lines on log-log plots. The spectral density W is
expressed in g?/Hz, the frequency f in Hz, and the spectrum slope R in
dB/octave, where

log (W, /W,) .
log (f2/f1)

RMS accelerations (g 's):

o S 3w, |, A (R +3)3 \1/2
ms—)R+3 —fl—) -1 g, R #+ 3

1/2
ms = [”’1 hin ('&>-] ’ R =3
fi

RMS velocity (in.[sec):
§ 1132 X 10° W, [/ 7, \R-313 |2
ms = |~ 2 22 12 3 ‘ L

3774 W, AR
ms = | ——2 1n (2 , R =
[ fi (.f, )] ?

RMS displacement (in.):

- Y 286w, [/15\R93 1B
ms { f13 [(‘—E) -1 s , R#09
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95.6 W, £\
tms = | ——— I , R=9
f13 f]

For composite spectra made up of varlous straight-line segments, the total rms
value is computed from the square root of the sum of the squares of the indi-
vidual rms values.

B.2 Acceleration, Velocity, and Displucement Spoctial Sxaity Relntionsaipe

Equations for the conversion of spectral density values between displacement,
velocity, and acceleration and between circular frequency w (In rad/sec) and
frequency f (Hz) are given below. A four-dimensional graph paper developed by
Himmelblau [119] useful for such conversions is shown in Fig. B-{.
Displacement spectral density:

X(f) = 2aX(w) (in.?/Hz)
Velocity spectral density:
V() = 4 2X(f)  [linfse)’ [He)
V(w) = w’X(w)
Acceleration speciral density:

W) = 2n Wiw) [g*/Hz]

47 f2 4 c4
wm=%§ mn“ﬁfxm

2 q
W(w) = -1 V () %xw

i

B.3 Peak, Average, and RMS Relationships
Sinusoidal:
average absolute value

rms value
average absolulc value

0.636 peak value
0.707 peak value
0.9 rms value
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USEFUL EQUATIONS AND RELATIONSHIPS

Random.

average absolnte valuz = 0.798 rms value
(Zero mean valueg)
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Fig. B-1. Universal random vibration nomograph.
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8.4 Time for Sinuscidal Sweeps

; Linear:

il

| Time

J_’_h_'_f‘_ (sec)
h = sweep constant (Hz scc)
| | !
Logarithmic: (See Fig. B-2)

frequency (Hz)

_ 60 fa
Time = iy In (—E-) (sec)

B = sweep rate (octaves/min)

700 ¢

-

T TTHT I
B, OCTAVE PER MINUTE = 1/2

LLLI v rTrn

600

400

ST IR M AT

300

TIME TO SWEEP, SECONDS

200

L ux

PSRRI SppeE S VREE ST e S

100

A

A

ol v ca ol
' 0 100 1000

RATIO OF FREQUENCY L:MITS, f?N‘

Fig. B-2, Nomograph for duration of logarithmic sinuscidal sweep.
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APPENDIX C
VIBRATION TEST PLAN OUTLINE

It was suggested by reviewers of an early draft of this monograph that the
inclusion of sample test plans or procedures and a checkoff list for selection of a
test method would be helpful. The proper formats for test plans and procedures
are often matters of strongly held personal opinion. Indeed, the differentiation
between the two also may be an emotional topic. The authors believe that a test
plan is a basic document which describes what is to be accomplished during a

“particular lest program and, in broad terms, how it is to be carried out. On the

other hand, a test procedure is a more detailed document, essentially in cook-
book style, which describes very specifically the detailed steps to be employed
to carry out the test. From these beliefs, and with some temerity, the following
outline of a test plan was prepared to serve both as a model to facilitate prepara-
tion of r test plan and as a checkoff list by use of the references to various
section’, of the monograph in the column to the right of the outline.

The suggestion to include test procedures is believed inappropriate. Test
procedures are very much a function of the equipment available at a particula:
test laboratory and of the general policies and practices established by the super-
vision of the laboratory and parent company management.
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Appendix C
Test Plan Outline

1.  Objective
Purpose, scope of test, data evaluation

2. General Requirements

2.1 Applicable Documents
Listing of applicable equipment specifications, militarv
specifications and standards, memoranda, etc.
Applicable sections should be indicated.

2.2 Tolerances
List of allowable t2lerances for test and data
reduction purposes

2.3 Standard Condltions
List of allowable laboratory conditions for
demonstrating equipment functional performance

2.4 Test Documentation
Requirements for content of test procedures,
failure reporting, progress, and status and final
reports

2.5 Fallure Criteria
Criteria for defining when a failure has occurred
and how to proceed thereafter

AT e & - ——— o r—— —— 2~ s g oo -t

£ T W W SR Y o it e

3,  Test Program

3.1 Description of Test Item
Physical and functional characteristics

3.2 Test Fixtures
Required characteristics

3.3 Test Instrumentation
Description of instrumentation
characteristics—transducer types, locations,
and mounting; signal conditioning; and
recording requirements

3.4 Test Facllities
List of required facilities and their characteristics

3.5 Test Conditions
Description of test environment—level, duration,
frequency range, control method, and location

i oy e e, PR TS

2.1

24

2.1

2.1

2.4
4.2
o

6.1

4.0

2.2
4.3

e, * el il

e B —




AN (AL I s P AT WA
W

Ty e

- T

e ¢ e e YT AT B T B et ,:‘Eﬂ“ﬁ—.,;._,?

- e abte (—— A Al EFTFY - TR

VIBRATION TEST PLAN DUTLINE

3.6 Test Data
Amount and characteristics of required data
3.7 Test Schedule
Usually shows approximate time spans of each
phase of testing

Data Processing
Description of data processing re..- ~. ‘ents to
convert recordings to reduced dav - -, PSD plots, ete.

Data Evaluation
Description of processing of reduced data for engineering
evaluation
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Accelerated testing, 88
Acceleration limiter, 137
See also G-limiter.
Accelzration spectral density, 75
Accelerometers
Iocation, 115
mounting 115
types, 114
Accuracy, necessary, 40
Amplification factor. See also
Peak amplification factor.
defined, 55
Adjacent natural frequencies, effect
on measurement of damping, 65
Armature protection, 137
Assembly level, 11
Automatic equalizer, 160
Automatic gain controi, 141
Average level control, 32, 36, 116,
149, 156
Averaging, 116, 149, 156
commutaiion method, 120. See
Time division multiplexer.
complex waveform, 118
decorrelation method, {18
power, 118
random, 118
sinusoidal, 117
Bishop, R.E.D., [43] 68
Bozich, D. J., [116-118] 188
Broadband level control, 36
Capacity, vibration system, 104, 161
Comb-fiiter analyzer, 182, 184
Combined testing
broadband and narrowband
rendom, 98
troadband random and sinuscidal,
99

Commutator, 124. See Time division
multiplexer
Complex-periodic waveforms, sinula-
tion of, 99
Complex waveform averapiug, 118
Complex wavetorm tests, 164
Component test, 11
Constant-bandwidth analyzer, 183
Constant-percentage bandwidth
analyzer, 183, 184
Control ¢quipment, 139
Control location, 28, 31
Control signal, 139
Control-signal conditioning, 141
Cook, L. L., [91] 137
Crossta’k, 105
Cumulative damage, 15
Damage, 15
Damage coefficient
for ¢atigue, 81
range of values, 85
Damping
material, 61
measurement, 69, 70
aystem, 61
viscoelastic, 62
Data
acquisition, 171
editing, 177
preprocessing, 177
presentation, 171, 178
processing, 171, 173
accuracy, 178
requirements, 3%
Decorrelation, 118
Design-development test, 8
Direct tape recording, 174
Displacement trarsducers, 113
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Dreher, J. F., (23] 31
Duration, 18, 23
Enduranee curve, 80
Energy dissipation
from sinusoidal swell, 93
from sinusoidal sweep, 93
from random loading, 94
Equalization, 45, 160
Equalizer
automatic, 160
manual, 160
Equipment, vibration, 103
Equivalence of test methods
accelerated, 88
based on energy dissipation, 92
based on functional performance,
95
based on resonant respouse, 91
based on structural fatigue, 80
summary, 95
Ergodic function, 76
Evaluation test, 8
Exaggeration factor
for random tests, 90
for sinusoidal tests, 89, 91
Excitation location, 28, 30
Excitation parameters, 18
Failure criteria, 15
Fatiguc damage
random loading, 85
resonance dwell, 81
sinusoidal sweep, 82
Fixture
characteristics, 48
stiffoess, 111
weight, 110
Fixtures, 110
Flight acceptance iest, 7
See Quality assurance test
Force-control testing, 2
Frequency
code, 173
division multiplexing, 174
range, 18, 22
recording, 173
response function, 77
Frequency-medulation (FM) tape
recording, 174

Functional performance, as a basis
for equating test methods, 95
Fundamental level control, 36
Gaussian random noise, 73
Gladwel’, G.M.L., [43}) 68
G-limiter, 137, 145, 149
Grover, H.T., [52) 81
Gunfire simulation, 99, 166
Gunfire vibration simulation method,
99 .
Half-power bandwidth
defined, 55
measurcment error, 65
measurement of Q, 64
Hardrath, H.F., [50] 81
Impedance testing, 2
Input, vibration, 28
Instrumentation, 112
IRIG time code, 173
Kennedy, C.C., 142] 68
Kirk, W.H., [21] 24
Lazan, B.J., [38] 61
Level programmicr, 143
Linear sweep, 63
Linkages, 106
Load connection systems, 105
Load support systems, 105
Locations
contiol, 28, 31
excitation, 28, 30
Logarithmic sweep, 63
Lyon, R.H., [22] 25
Magnetic susceptibility, 14
Maguetic tape recording, 174
Mead, D.J., [51] 8)
Meun square valuc of random
function, 71
Miles, JW., {57] 85
Miner, M.A., {47-49] 81
Modat testing, 68
Mode shape, 69
Motion testing, 2
Multiple excitation in modal testing, 70
Multiple-shaker tests, 168
Multiplexer, time division, 116
Narrowband random vibration
probubility distribution of peak,
74
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simulation, 98
time history, 80
waveform, description of, 79
1lormal coordinate, 69 :
No-signal detector, 137
Optical wedge, 113,131
Oscillographic recording, 172
Pancu, CD.P., [42] 68
Peak amptification factor
defined, 55
nicasurement of, 64
relationship with stress level, 62
Peak-amplitude method in modal
testing, 69
Peak and notch filters, 160
Performance, functional, 11-13, 15
Power average, 39
Power spectral density, 75
Proproduction test, 8. See Qualifica-
tion test
Probability density function, 72
of Gaussian random, 73
of sinusoid, 72
Proof-of-design test, 8. See Qualifica-
tion test
Protection devices, 131
Pulsed excitation anslysis, 186
Pulsed excitation tesis, 166-167
Pure-mode excitation in modal
testing, 69
Purpose of test, 7
Qualification test, 7,8
Quaiity assurance test, 9
Quality factor {Q). See Peak ampli-
fication factor
Random and sinusoidal tests,
154-156
Random test level coatrol, 39
Ranaom vibration fests, 156
Rayleigh distribution, 75
Reaciicn impulse tests, 166
Resonance dwell, 154
defined, 67
determination of tost frequencies
for, 67
Resonance dwali iest contivl, 154
Resonance search, 151, 154

Resonance search test control, 151
Resonance testing. See medal
testing
Resonan® response, as a basis for
equating sine znd random, 91
Responsc-limitod tests, 167
Response, vibration, 28
Richards, E.J., [51] 81
Safety devices, 131. See Protection
devices
Servo time constant, 141
Signal conditioning, defined, 171,
172
Signal selector, 145
Simulation, 19
of effects, 20
of environment, 19
Single-degrec-of-freedom system,
used as a model of simulation
parameters, 53
Single-frequency sweep
as diagnostic tool, 64
definition, 57
Sinusoidal and random tosts, 154-156
Sinusoidal test level control, 33
Sinusoidal tests, 141-154
Slip plate, 106, 107
Specific damping energy, 61
Speciral analysis, 183
Spectral density, 44
Spectral density analysis, 183
Spectrum shaping, 160
Static load, 109
Stationary function, 76
Statistical (sampling) crror, 44
Steady-state respensc, 483 function
of sweep rate, 58
Strain energy, 61
Success ctiteria, 15
Sweep duration, 64
Sweep method, 59
linear, 63
jogurithmic, 63
10 control frequency at resonance,
59,62
tn control time at resonance, 63
Sweep parameter, 58, 60
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218 SELECTION AND PERFORMANCE OF VIBRATION TESTS

Sweep rate Test control
deflinition, 57 complex wave, 166
effect on peak frequency, 59 random broadband. 156
effect on response amplitude, 58 1andom narrowband, 163
linear, 63 sinusoidal plus random, 154
logurithmic, 63 sinusoidal, swept
Swept-{ilter analyzer, 183 averaging, 149
System test, 13 filtered, 143
Tape-delay averaging, 118. See level programming, 143
Decorrelation method resonance dwell, 154
Tape programming, 154 resonance search, 151
TDM. See Time division signal selectlon, 145
multiplexer. unfiltered, 142
Test techniques, 139
accuracy, 40 Test object
complex waveform, 118 characteristics, 9
component, 11 size, 10
conditions, 18 value, 9
data, 39 Test programming techniques, 139
design-development, 8 Test purpose, 7
duration, 18, 23, 43 Test selection, 7
evaluation, 8 Time-code recording, 173
failure criteria, 15 Time division multiplexer, 116
fixtures, 48 Tolleth, F.C., [65] 106
flight-acceptance, 7 Tracking filter, 143, 156, 178
force control, 2 Transducer characteristics, 112
impedance, 2 Transmissibility
level, 18, 25 defined, 55
motion, 2 functions for SDF system, 56
preproduction, 8 functions for two-degree-of-
proof-of-design, 8 freedom system, 66
proof-of-workmanship, 9 meusurement of, 64, 179
qualification, 7, 8 Type-approval test, 8. See Qualifica-
quality assurance, 9 tion test
rundom, 156 Unit test, 12
random and sinusoidal, 154 Usher, T., Jr., [87] 117, 118
reaction impuise, 166 Velocity transducers, 114
replication, 17 Verification test, 8. See Qualification
response limited, 167 test
results, 17 Vibration excitation system, 104
selection, 7 Vibration
sinusoidal, 141 fixtures, 110
system, 13 input, 26, 28
type-aporoval, 8 response, 24
unit, 12 system capacity, 104
vibration, defined, 2 tests, defined, 2
verification, 8 Waveform, 18
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